
A STUDY OF THE APPLICATION OF LOW 

FREQUENCY OSCILLATIONS TO 

MULTI~TOOL DRAWING PROCESSES 

by 

G. R. Dawson, B.Sc. 

Submitted in fulfilment of the requirements 

for the degree of Doctor of Philosophy, 

University of Aston in Birmingham, 

September 1972. 

b2\-90 4.86 

OAnW 

x1
 

06 ognovi2 156 

ML 

Faculty of Engineering, Supervisor: 

~ 

Department of Mechanical Engineering DY. D.o0 s-Sans ome



Within the last decade a number of researchers have 

investigated the effects of applying vibrations to the 

tooling when forming metals. Sane of these investigations 

indicate that vibrations may modify the state of stress in 

the body of the de forming metal gneyoe change the fricional 

boundary conditions between the tools and the workpiece. 

The first part of this thesis describes and discusses 

the research so far conducted in this field of metalworking, 

and attempts to isolate the areas of possible benefit to 

industrial practice. The remainder of this thesis describes 

the progress, and presents and discusses the results of a 

two-part investigation into the application of low freyuency 

‘axial vibrations (O to 100 Hz) to the tandem wire and fixed 

plug tube drawing processes. 

The investigation was conducted on a 2000 lbf horizontal 

bull block, the tools being oscillated by two electro- 

hydraulic vibrators, Mild steel wire and medium carbon 

steel tube were selected for the workpieces, and sodium 

Steanate, as the lubricant. 

Results show that when wire is drawn through two dies 

in tandem which are oscillated axially and in anti-phase; or 

when tube is drawn through the annular gap between a die and 

a fixed plug which are oscillated axially in antiphase: 

(a) The workpiece moves relative to the tools for a 

short period on every cycle. 

(b) During the remainder of the cycle the drawn product 

is elastically off-loaded and loaded by the motion 

Of the tooling, 

(c) The workpiece moves alternately over each tool.



(d) The peak load in the drawn product is reduced 

by oscillations, since the product never 

experiences the force necessary for movement 

relative to both tools simultaneously. 

(e) There is no indication of a reduction in yield 

stress or frictional coefficient produced by the 

application of oscillations, 

(f) The reduction in peak drawing force is most 

marked for high frequencies and amplitudes, and 

low drawing speeds. 

A theoretical analysis was conducted for single die 

oscillatory wire drawing to establish the basic mechanics of 

the process. This analysis was extended to cover the tandem 

wire drawing process which produced predictions of the upper 

and lower limits of the peak drawing force reductions. 

Experimental data was found to fall within these predicted 

limits. 

The results of the investigation are discussed and 

suggestions for further work are presented.
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NOMENCLATURE 

cross sectional area. 

PeLeti on tacter 

back pull factor (relating die loads) 

damping factor 

diameter 

Young's Modulus 

Force in drawn product 

peak to peak force variation 

cyclic component of force 

force in coiled wire 

thickness 

moment of inertia 

ale 

back pull factor (relating drawing loads) 

die load 

load in drawn product with minimum back 

tension 

load in drawn product with maximum back 

tension ; 

length 

“mass 

normal force/unit length on coiled wire 

amplitude ratio 

normal pressure 

radius of bull block 

aueda ratio 

stiffness of wire 

torsional stiffness 

torque amplitude 

time 

relative extension of coiled wire 

relative extension of free and coiled wire 

mean drawing speed 

displacement amplitude 

instantaneous displacement, or linear 

co-ordinate 

yield stress in uniaxial tension
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conputer time scale factor 

coupling coefficient 

axial stress 

velocity ratio
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IMErOGCUCtELON 

The application of oscillatory energy to the plastic 

deformation of metals has been widely investigated and 

several reviews have been publishea '174) , Claims have been 

made that oscillations reduce process stresses, and improve 

the metallurgical properties and surface conditions of the 

finished work piece. 

Research has been concerned not only with the fundamental 

effects of oscillations on metal plasticity and surface 

friction, but also with applications to many industrial metal- 

forming processes. This has revealed the now generally 

accepted dual role of oscillations. The 'volume effect' deals 

with the influence of oscillations on the internal stresses 

during plastic flow of a metal, the 'surface effect' with 

interfacial: friction, 

The volume effect was first observed by Blaha and 

(5S) Langenecker when testing zinc mono-crystals under tension 

with ultrasonic oscillations induced in the specimen. This 

resulted in an apparent reduction in the flow stress of up 

to 40%, Subsequent investigators have shown that in both 

tensile tests and metal deformation processes, this reduction 

in stress can be attributed to the superposition of mean and 

cyclic stress components, since the cyclic stress amplitude, 

where measured, was found to be equal to the apparent 

reduction in applied stress. Thus the peak force in the metal 

was unaltered. This has become known as the superposition 

mechanism, and has been found to apply to both ultrasonic and 

sonic oscillation frequencies. This behaviour offers no real 

benefit, since the metal deforms under its conventional stress, 

but does so intermittently.



(2) 

The reduction of sliding friction forces by oscillations 

has been a in fundamental investigations at both sonic 

and ultrasonic frequencies, These investigations consisted 

of a slider moving over the plane with oscillations applied 

in various directions to one of the members of the friction 

Pagers in the tet eeace of these eens the mean friction force 

was said to be reduced by either a periodic separation of the 

surfaces, or a periodic variation in the direction of the 

friction force vector, 

Similarly, oscillations have been said to reduce friction 

forces in metalworking processes, However, in many of these 

instances where a reduction in deformation load was attributed 

to a surface effect, insufficient experimental data was taken 

to justify such claims. Furthermore, the cyclic component of 

the applied stress fas not measured, so that the syperposition 

mechanism cannot be discarded as a possible explanation for the 

observed effects. 

There are Sg Se icn ok however, which indicate a real 

friction effect when oscillations are applied. When tube is 

drawn over an ultrasonically oscillated plug several beneficial 

effects have been observed: 

(1) tubes may be drawn on a fixed plug which conventionally 

require a moving mandrel. 

(2) drawing forces are reduced. 

(3) diameter to thickness ratios of 500:1 can be drawn 

successfully with ultrasonic action, compared with 

a 50:1 limit for static loading. 

(4) greater reductions in area are possible. 

(5) the finish of the bore is brighter with the degree 

of roughness diminished,



(3) 

(6) stick-slip, chatter and lubricant breakdown are 

virtually eliminated. 

(7) more complicated sections may be drawn. 

This process is now exploited commercially in the U.S.A. by 

Aeroprojects Inc., for which the above claims are made. 

Parallel work in the U.S,S.R. and*at Aston: in the U.K. point 

to similar effects. These benefits are claimed to be the 

result of a reduction in friction forces, and it has been 

proposed by Aston and Soviet researchers that this is 

produced partly by the periodic reversal of the plug friction 

vector. 

At present, the ma oriey of investigations have been 

concerned with the effects of ultrasonic osolliatiand, The 

purpose of this investigation is to study the effects of low 

frequency (O-100H2) oscillations on drawing processes. The 

investigation is in two parts. The first is a study of the 

wire drawing process, in which ice is drawn through two dies 

which are oscillated axially. This is an investigation into 

the volume effect, studying the interaction of two applied low 

frequency oscillatory stresses to a deformation process, The 

second part is a study of the tube drawing process with axial 

oscillations applied to the die and plug. This is an 

investigation into the surface effect, again studying the 

interaction of two applied low frequency oscillatory stresses 

to the deformation. 

The main variables studied in each investigation were: 

(a) frequency of oscillation. 

(b) amplitude of oscillation. 

(co) eee relationship between oscillations. 

(d) drawing speed.



(4) 

This thesis describes and dissecans the historical 

development of the technology of applying oscillations to 

metalworking processes, and details the research undertaken 

to investigate the interaction of two applied low frequency 

oscillatory stresses in the drawing processes,
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Al: GENERAL REVIEW 
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All: Fundamental Aspects 

All(a) Effects on the mechanical properties of metals 

The first investigations into such effects were conducted 

some fifteen years ago by Blaha and Langenecker {>"6r7) | 

Monocrystals of aluminium, zinc, and cadmium were strained in 

tension whilst immersed in ultrasonically irradiated carbon 

tetrachloride. An ultrasonic energy density of 1W/em? at 

800 kHz was observed to apparently reduce the flow stress by 

40%. Subsequent removal of the ultrasound caused the stress 

to return to its appropriate non-oscillatory value lfig. tis 

The irradiation was associated with an increase in the 

strain to fracture, and ultimate tensile stress, and a decrease 

in the rate of work hardening. Similar results were obtained 

in the frequency ranges 160" Hz, and 0.8-1.0MHz. Since it 

appeared to them that ultrasonic energy was more effective in 

reducing stresses than thermal energy, they postulated that the 

ultrasound was absorbed perferentially at the dislocation sites 

where plastic flow was initiated. Similar results were obtained 

by Oelschlage1 ‘®) for energy densities up to 29 W/om?, 

(9) , Nevill and Brotzen investigated the effect of ultra- 

sonic standing waves on the yield strength of low-carbon 

steel and found the reduction in strength to be directly propor- 

tional to oscillation amplitude, and independent of prior strain 

-and frequency in the range 15-80 kHz. By measuring the 

alternating stress level they were able to conclude that the 

maximum value of the superposition of mean and alternating 

stresses was equal to the static yield stress (fig. 2). Thus 

the metal was yielding at the conventional value of stress, but 

doing so intermittently once every cycle. 

Subsequent investigations by Langenecker (10r+4,12)



St
re
ss
 

(l
bf
£/
in
”)
 

10000 

800 

6000 

4000 

2000 

OQ 

    

    

  

        

  

  
  

        
            

              
  

] _ 10000 
| , | | | 

Frequency 20 kHz Non-Oscillatory | 

| 

"| 8000 ie 

ee | 18°C Sa 18°C 

ZO at 

97 S000 . 

- me 200°C 

LA 4000 oe A | | oe. 
7: ‘ 

226 W/in . 
1 \ 18°C 

ee oe ——— one 200¢ oa 

_ ea ’ (a 

ee W/in? ta°c eae ae 
“ 600°C 400°C 

a oO boo" os 

oO 20 40 60 802: 3200 0 20 40. 60 80 100 

Strain (per cent) — ; Strain (per cent) 

Fig: No.3 ~ Stress-Strain Curves for Aluminium Single 

Crystals Showing a Similarity Between the Effects 

Due to Oscillatory Energy and Temperature 

(Langenecker 1959).



(9) 

studied the effect of high-energy ultrasonic travelling waves 

on the tensile behaviour of metals, and similar results to 

his previous work were observed. Reductions in flow stress 
4 

were greatest for the high-energy tees. and could even 

result in a zero stress. The shapesof the irradiated stress- 

strain curves were seen to correspond to those obtained at 

elevated temperatures (fig. 3). 

Calculation of the acoustic stress levels revealed that, 

for the low-energy densities, the reduction in strength was 

attributable to superposition, thus agreeing with Nevill and 

Brotzen. However, for greater energv densities the stress 

reduction was much greater than that predicted by super- 

position. It was therefore proposed that the energy was 

‘absorbed preferentially at the dislocation sites, raising 

their temperature, and thus easing plastic flow. 

During the investigations described above, research in 

the U.S.S.R. followed a similar line. Early work by Severdenko 

and KLubovich '13) showed that the effect of ultrasonic irrad- 

iation depended upon the length of test-piece, and therefore 

subsequent investigations employed ethan dean waves to overcome 

this difficulty. A variety of metals and alloys were tested 

(13-18) tio} in tension and torsion with superimposed ultra- 

sonic standing waves, and all exhibited a reduction in flow 

stress proportional to the amplitude of the applied oscillation. 

However, there was also a reduction in the ultimate tensile 

strength, elongation, and reduction of area i.e. these 

results conflicted with Langenecker's early findings. 

(16) 
Konovalov observed the effects of ultrasound to 

be attenuated at the higher strain rates. Severdenko and 

(E301 33 
Klubovich in agreement with Langenecker, observed the
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rate. Of work hardening to be reduced, They concluded that 

ultrasonic working was analogous to a rise in temperature, 

An extension of this hypothesis was provided by Skripnichenko {18) 

who proposed that at low amplitudes stress superposition 

accounted for the apparent softening, whereas heating had a 

Significant effect at the higher amplitudes. 

Further work in the U.S.A. conducted by Baker and 

Carpenter !19) employed standing waves for the tensile testing 

of materials at power levels comparable with those used by 

Langenecker, They found that the flow stress reductions so 

obtained, were never in excess of the acoustic stress 

amplitude, thus conflicting with Langenecker's findings. 

They suggested that resonant bulld-up of stress and sub- 

sequent overheating could be the cause of the large-scale 

softening reported by Langenecker. However, neither 

investigation measured the acoustic stress in the test-piece 

directly, so either could be in error in their estimations. 

A more direct measurement of stress variation was 

obtained by Pohlman and Lehfelat ‘2°) while tensile testing 

copper with superimposed ultrasonic standing waves. They 

found that the relatively small scale reduction in flow 

stress could be explained by the superposition mechanism, 

i.e. it was equal to the alternating stress amplitude, 

Friedrich, Kaiser and Peckhola (22) observed similar results 

but showed that the effectively increased strain rate caused 

the fall in the mean stress to be slightly less than the 

acoustic stress level. 

In a later publication {22) Langenecker stated that a 

resonant build-up of stress may occur when travelling waves 

are employed. He concluded that for low-energy densities the
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superposition mechanism was sufficient to explain the stress 

reduction, but beyond a critical energy level, overheating 

Scud causing a further reduction in strength {3) | 

All(b) Effects on interfacial friction. 

Most of the fundamental research concerned with this 

aspect of vibrations is related to friction under relatively 

low normal pressures. Although this is not representative 

of metalworking conditions, it is thought by the author that 

a qualitative assessment of the effectiveness of oscillations 

may be obtained from such reseaxch., 

Several researchers have shown that when oscillations 

are applied to a plane, the interfacial friction between the 

plane and a slider is apparently reduced considerably. Fridman 

and Levesque '74) showed that when ultrasonic energy was applied 

at right-angles to an inclined plane, the coefficient of static 

friction was reduced proportionately, and in extreme cases to 

zero. They attributed this effect to the shearing of the 

welded junctions brought about by the induced motion of the 

particles in the plane. 

Similar conclusions were ee Achea by Pohlman and Lehfeldt ‘2°) 

to explain observed reductions in sliding friction Pucaghe 

about by ultrasonic action, They applied oscillations to the 

slider both normal and tangential to the plane of motion, and 

‘in the latter case normal and parallel to the sliding 

direction. In all cases an apparent reduction in EELCtLon 

forces was observed, the most effective configuration being 

motion parallel to the direction of sliding. The reduction 

in friction was found to be less marked at the higher sliding 

velocities, 

Low-frequency normal oscillations of a plane at 20, 100
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and 1000 Hz have been observed to reduce Sliding friction by 

Godfrey '29) , In this case friction was only seen to be 

reduced when separation of the mating surfaces occurred, i.e. 

there was a reduction in the period during which the friction 

(28) forces acted (fig. 4). Balamut has suggested that 

separation is a mechanism for friction reduced at ultrasonic 

frequencies, Friction has been olbserved to be reduced under 

these conditions by Tolstoi ‘27 , He further noted that there 

was a resonant peak for friction reduction at 2 kHz and this 

he attributed to the natural frequency of the slider mass on 

the spring-like asperities in the contact zone, 

Geel ilations in the sliding direction have been observed 

to reduce static and sliding friction by Lenkiewicz (28) | At 

frequencies of 20-120 Hz reductions in friction of up to 803% 

were observed, the effect being most marked at high amplitudes 

and frequencies, and low sliding speeds. The phenomenon 

stick-slip was found to be eliminated by oscillations. 

Similar observations were made by Mikhenl'man and 

Mashchinov 9°) | They observed that when ultrasonic oscillations 

were applied to a steel plane in the sliding direction, the 

coefficient of sliding friction between the plane and a steel 

slider was reduced from O.mee to.0.074, 

A theoretical analysis of these effects was provided by 

- Mitskevich ‘2?) who showed that the friction force was 

periodically reversed, due to the periodic motion of one body 

relative to the other. Thus, if the magnitude of friction 

force remained unchanged, its mean value in the direction of 

sliding would be reduced. The analysis showed this reduction 

to be an increasing function of the ratio of oscillatory 

velocity to sliding velocity only, thus agreeing qualitatively
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with the experimental work of Lenkiewicz, and Pohlman and 

Lehfeldt. 

The situation where transverse oscillations are 

applied to the plane has been investigated theoretically and 

CHL) Ghd theoretical analysis experimentally by Schneider 

assumed the friction force magnitude to be unaffected by 

oscillations, but that due to the relative motion, the line 

Of action of the force swings periodically about the sliding 

direction. This results in a reduction in the mean friction 

force in the direction of motion. This reduction is shown to 

be solely a function of the ratio of oscillatory velocity to 

sliding velocity (cf. Mitskevich). The experimental work 

verified this analysis in the frequency range 15-53 Hz.
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Al2: Applications in metalworking processes 

Al2(a) The compressive deformation of metals. 

The first investigation into this aspect of the 

oscillatory working of metal was conducted by Stankovic'?*? , 

He forged lead test-pieces in closed dies with static, 

impulsive, and a combination of static and impulsive loading. 

For a frequency of 5.3 Hz the mode of operation which gave 

the optimum axial and transverse flow of metal was during the 

combined loading. It was suggested that this enhanced flow 

resulted froma reduction in friction forces. 

Subsequently a considerable number of investigations 

have been carried out in the U.S.S.R. with low-frequency 

axial oscillation applied to the forging tools. The intial 

series of experiments was conducted on a hydraulic press, with 

the oscillatory force provided by rotating eccentric masses 

mounted on the upper platen’? °7°7%. The frequency range of 

force oscillations was 7-40 Hz, with displacement amplitudes 

up to 25 mm. Various materials were forged, hot and cold, 

with and without lubrication, in both open and closed dies. 

The general observations were that the average pressures, 

hardness, degree of barrelling, and residual stresses were 

reduced, greater reductions were possible for the same static 

load, and the hardness, strain and residual stress distributions 

were more uniform. Reductions in the average pressures of 50% 

and increases in the degree of deformation of 50% were observed, 

the greatest benefits obtained when separation between the tool 

and work-piece occurred. 

Investigations on a similar machine at frequencies up 

to 100 Hz were conducted by Polyakov et abe It was
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found that the reduction in force for:a given deformation, and 

the increase in attainable deformation for a given force was 

most marked at the higher frequencies. At 90 Hz a 503% 

decrease in force and a 300% increase in deformation was 

observed when upsetting lead by this method. In all these 

investigations the beneficial effects were said to be a 

result of decreased friction forces. 

(45,46) found that the most Golubev and Yavorovskii 

uniform deformation was achieved when separation of the tool 

and work-piece occurred. The greatest improvement occurred 

when for static loading the uniformity was least, viz: dry 

surfaces, heated specimens. They concluded that the enhanced 

uniformity was a product of the impacting nature of the 

loading, and reductions in friction and heat transfer from 

the test-piece, all brought about by the reduced contact time. 

The effect of frequency in the range 37-150 Hz was minimal, so 

long as separation occurred. 

Zaleskii and Volkov ‘47 ) measured both mean and a) eee 

forces in vibratory upsetting, and observed that no reduction 

in peak load was achieved for small deformations. However, 

above a critical degree of compression reductions in the peak 

load of up to 30% were observed. The magnitude of this critical 

degree of compression was less for the higher diameter to height 

ratio and lower frequencies. For these conditions the reduction 

in load was greatest, and the degree of barrelling was reduced 

by 10-12%. The minimum force during the cycle was always 

positive, so separation of the tooling was not achieved. 

To investigate the possibility of reducing friction forces 

8) by periodic offloading, fee, Sata and Bakofen ‘4 conducted 

compression tests on various materials with a periodic release 

of stress at 1-5 cycles/min. They showed that pressures could
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only be reduced if a reactive lubricant was used, there was 

a strong tendency to weld, and if the load release was 

sufficient for the elastic recovery to break the welded 

junctions. However, it should be noted that the strain per 

cycle employed in these investigations was far in excess of 

that during the raters compression work described above, 

and was therefore not truly representative. 

Concurrently with these very low-frequency investigations, 

forging has also been attempted with ultrasonically oscillated 

platens, Again, Russian investigators have been most active 

in this field. The aspects of forming forces and product 

shape have both been studied. 

Initial work by Severdenko and Klubovich 49) showed that 

when ultrasonic oscillations were applied to the upper platen 

during forging aluminium, the forging force fell in proportion 

to the intensity of ultrasound, and could be reduced to zero. 

Barrelling was also reduced and ‘could be virtually eliminated. 

Subsequently it was shown that the distributions of longitudinal 

strain {°9) radial strain (ol) microhardness >?) 

(53) 

and residual 

stress were reversed by ultrasonic action, being greatest 

at the end faces (fig. 5). In static compression these 

quantities have their greatest values in the centre. 

To explain these results it was suggested that, in 

ultrasonic forging, friction was reduced (°°) | Also, the 

impacting type of load was said to produce elasto-plastic 

waves which penetrated the specimen, causing non-uniform 

straining along their path oo) Similar strain distributions 

have been observed due to impact loading of copper cylinders (94) 

(fig. 6). Finally, thermal softening, resulting from the 

absorption of ultrasonic energy, was said to be instrumental



,i9) 

(50,51) 

(54) 

in reducing flow stresses 

Severdenko and Labunov showed Cae if the amplitude 

of oscillation remained constant throughout the compression 

the reduction in load was constant. For aluminium this 

amounted to 29% when the strain was 53% and only one platen 

was oscillated. This reduction in load reached 50% with both 

platens oscillated. Similarly, Zhadan ‘°>) observed a small 

constant load reduction for steel deformed in an ultrasonic 

field. This he attributed to the superposition of mean and 

cyclic stresses. Severdenko and Petrenko 56) found the load 

reduction to be less at the higher strain eater. 

A study of the effect of lubricants on ultrasonic up- 

oor who reports that the setting has been made by Petrenko 

reduction in deformation load of aluminium specimens is 

uneffected by Diseieaae type for strains tess than 36%. For 

strains above this figure, however, there was a greater 

reduction in load when oscillations were applied to specimens 

with surface active lubricants. (c.f. Lee, Sata, Bakofen (48)). 

in the 0.6.A.: hoth Ba lamuth 97) and Kristoffy ‘°9) 

succeeded in measuring the alternating component of stress 

during forging of aluminium with ultrasonic oscillations 

applied to the tooling. For low intensities both investigators 

found the drop in mean force to be equal to the alternating 

_force amplitude. However, at high intensities, the drop in 

mean load observed by Balamuth was in excess of that predicted 

by a superposition mechanism. This was attributed to heating 

of the test-piece and its subsequent softening. 

(59) have shown that the stress Similarly, Izumi et al. 

reduction is linearly proportional to amplitude for low 

intensities. For intensities above a critical amplitude,
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however, much greater reductions in stress were observed, 

and the shape of the stress strain curve was altered 

considerably (fig. 7). In such cases the temperature of 

the test-piece rose up to 300°C, and the hardness was reduced 

and more uniform. Similarly, temperature rises of up to 

600°C have been reported by Severdenko and Petrenko ‘6° , 

However, the reversal of the distribution of deformation 

reported by Severdenko et al, (49-53) was not observed by 

Izumi, and at high intensities the degree of barrelling was 

seen to increase. 

Both Izumi et al. and Kristoffy observed a lowering of 

the mean stress reduction with forming speed, thus agreeing 

with Severdenko and Petrenko.. This was attributed by Kristoffy 

to the reduced alternating stress, caused by the tool velocity 

attenuating the degree of off loading by the cyclic component. 

Kristoffy pointed out that when the velocity of the tool exceeds 

the maximum oscillatory Peet be no stress variation will be 

induced, and therefore there will be no reduction in mean 

force. | 

Al2 (b) Drawing of wire and bar 

Since 1962, oscillations at low and ultrasonic frequencies 

have been applied in various modes to the die during wire 

drawing, and all researchers have observed an apparent reduction 

in drawing force. Golubev et i were the first researchers. 

to apply low frequency oscillations to the drawing of wire 

rod. For oscillation frequencies in the range 25-312 HZ 

axial, transverse and torsional oscillations were all found 

to reduce drawing forces. For axial oscillations greater 

reductions in drawing force were observed at the higher 

frequencies reaching 70% at 312 Hz. This reduction in drawing
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force was unaffected by drawing speeds up to 477 ft/min. 

No figures for die amplitude were given. Oscillations were 

found to cause no increase in the temperature rise of the 

drawn product. Of the three modes of oscillation, torsional 

was said to be the most effective, but no figures were given. 

It was also noted that oscillations caused an improvement in 

surface Fintan. a reduction in residual stresses, and a more 

uniform distribution of micro-hardness across the cross 

section. 

) Severdenko and Klubovich ‘61 were the first to apply 

ultrasonic axial oscillations to the die during the drawing 

of copper wire. To avoid excessive overheating and fracture 

of the wire they found it necessary to make the tag length 

an odd number of quarter wavelengths, and thus minimize the 

acoustic stress amplitude. They observed a 50% reduction 

in tag load for drawing speeds up to 500 mm/min. Also, the 

ultimate tensile strength and microhardness of the drawn wire 

was found to be reduced by 15%. 

(62) (63,64) 
Both Boyd and Maropis and Robinson et al. have 

observed similar drawing stress reductions for a variety of 

hard and soft metals and alloys. The reduction in stress was 

found to be proportional to ultrasonic power, and less at the 

higher drawing speeds, which reached 1000 ft/min. Both 

investigations showed that the stress reduction varied pers 

iodically with drawn length, the maximum effect occurring when 

the length was such that resonant standing waves were produced. 

Under these conditions Robinson noted that the wire temperature 

could rise by up to 870°C, at the positions of maximum acoustic 

stress, which could result in fracture. Small-scale reductions 

in ultimate tensile strength and hardness were observed in the 

drawn wire. The use of ultrasonic die oscillation was generally
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associated with excessive pick-up in the die and a poor 

surface finish. Boyd and Maropis suggested that the 

reduction in load was due to a combination of friction 

reduction and iovunee in plasticity brought about by the 

ultrasonic action. The reduced effect at higher drawing 

speeds was attributed to the reduced energy per unit volume 

imparted to the wire. 

(65) Both the Steel Company of Canada and Aeroprojects 

mre. ete) confirmed these general cindangdt: However, the 

large-scale temperature rises reported by Robinson were not 

observed. The latter investigators also observed that the 

material pEapeccies were unaffected, stick-slip was 

eliminated, and the surface finish improved. Since the 

reduction in stress was erences for the higher surface to 

volume ratios, it was attributed mainly to a reduction in 

Te ECtsOn, 

(97) Similarly, Inoue and Mori observed these general 

effects. The reduction in drawing load observed, (up to 80%), 

was attributed to an impact type of loading in the die. 

The first investigators to measure the induced acoustic 

stress in the tag were Pohlman and Lehfeldt (20°88). , They 

observed that when ultrasonic axial oscillations are applied 

to the die, the apparent drop in drawing stress was equal to 

the acoustic stress amplitude, thus showing the process to 

be one of superposition. This explanation has been confirmed 

(69,70) for ultrasonic die oscillations 

(72) 

by Winsper and Sansome 

re? and Solkowsky and Vilan and by Winsper and Sansome 

for low-frequency oscillations (fig 8). None of these 

investigators observed the large-scale heating reported 

earlier,
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(6073) (68) Both Winsper and Sansome and Lehfeldt 

observed the mean stress reduction to be less at the higher 

speeds, and attributed it to the reduced release of strain 

due to the increased speed of the wire. Winsper and Sansome 

derived a mathematical expression for the speed effect, which 

showed the induced stress to be a function of the ratios of 

oscillatory speed to drawing speed, and which was in close 

agreement with observed data (see section A211). 

This superposition mechanism was found by Winsper and 

Sansome ‘ 7°) to be further effective in reducing drawing stresses 

when the wire is drawn through several dies. It was found that 

if the back tension applied to the die had an alternating 

component, only its mean value was effective in raising the 

front tension. This resulted in a genuine reduction in final 

tag stress, as opposed to an apparent reduction, which the 

Superposition mechanism provides. This explanation showed a 

close correlation with the observed mean and alternating 

stress levels (see section A21). 

, Other modes of ultrasonic die oscillation which have 

been investigated include transverse by vatrushin ‘74) and 

radial by Oelschlagel and Weiss ‘/3) | The former observed 

only small stress vadiewl one of 5-9%, whereas Oelschlagel 

and Weiss obtained up to 628 reduction for maximum aplitudes, 

‘These modes were also investigated by Lehfeldat '68) and in 

both cases the stress was apparently reduced. 

For the transverse mode it was found that the maximum 

reduction of stress was obtained when the length of the tag 

was matched for transverse resonance. Furthermore, the 

‘magnitude of stress reduction was equal to the induced stress 

amplitude for transverse oscillation.
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Similarly, for the radial mode the magnitude of stress 

reduction was found to be equal to the induced cyclic stress 

in the deformation zone normal to 05 wire, and brought about 

by the motion of the die. This Stine lon of the die 

pressure by the radial contraction of the die was found to 

reduce the non-uniformity after drawing. Similar results 

were obtained when a split die was used, with one half 

oscillated in the transverse mode. 

Al2. {¢) Drawing of Tube 

: The drawing of tubes with ultrasonic axial oscillations 

applied to the tooling is the Briley process known to the 

authors to have achieved production status. The development 

of this technique has been carried out by Aeroprojects inc. 

169 77) used an in the U.S.A. Their initial investigations 

axially oscillated die in both tube sinking and plug drawing. 

As a result of this drawing rates were increased by up to 13- 

fold for a fixed drawing force, and drawing forces reduced by 

BUD tO. SOs for a fixed rate. These aces were most marked 

for softer materials, where greater area reductions were 

achieved using ultrasound. The surface finish and metallurgical 

properties were found to be unaltered. 

(78) confirmed these observations Severdenko and Reznikov 

when sinking copper tubing, and by measuring the temperature 

rise were able to confirm that thermal softening was in- 

sufficient to explain the 30-35% reduction in stress observed. 

(30) observed reductions of Similarly Nosal and Rymsha 

drawing force of up to 35% when sinking tube in an axially 

oscillated die at ultrasonic frequencies. This was attributed 

to a reduction in friction forces, brought about by the 

periodic reversal of the velocity of sliding, thus reducing
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the mean component in the drawing direction (see section A22). 

The effect of transverse ultrasonic die oscillations in 

tube sinking has been studied by Severdenko and Reznikov (28199) 

where drawing forces were again reduced, but by smaller 

amounts (12-19%). This was attributed to a reduction in 

friction forces (see section A22). 

Subsequent investigations at Aeroprojects were concerned 

with ultrasonic axial oscillation of the plug in fixed plug 

drawing of tube. This process is now used in production and 

the following advantages are claimed {/97807105)" 

Tubes may be drawn on a fixed plug which conventionally 

require a moving mandrel. 

Drawing forces are reduced by up to 10% for thin walled 

tubes. 

Diameter to thickness ratios of 500:1 can be drawn 

successfully with ultrasonic action, compared with a 50:1 

Ame foe static loading, 

Greater reductions in area can be achieved. 

The finish of the poe is brighter with the degree of 

Pouches halved. 

Stick-slip, chatter, and lubricant breakdown are 

virtually eliminated. 

More complicated sections may be drawn. 

It is suggested that these benefits result from a 

reduction in friction forces. Winsper and Sansome also 

observed reductions in drawing load and plug bar load when 

ultrasonic axial oscillations were applied to the plug, 

during the drawing of thin-walled stainless steel (81) | 

In this investigation both die load and drawing load 

were measured. Reductions in mean die, tube and plug loads
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were observed to be proportional to plug amplitude. Further- 

more, measurement of the cyclic component of force in the 

drawn tube revealed that the reduction in drawing force was 

considerably larger than the dynamic force amplitude, thus 

indicating that superposition alone could not explain the 

reduction in load. 

Ultrasonic axial oscillations have been applied to the 

plug in tube drawing in the U.S.S.R. by Verderevskii et asco 

in which reductions in the drawing load of 25-30% were achieved. 

This was attributed to the reduction of friction by its 

periodic reversal of direction (see section A22). 

Al2(d) Extrusion 

Extrusion was one of the first metalworking processes 

to be attempted with oscillations applied to the tooling. The 

earliest investigations were conducted by Aeroprojects Inc. 

in the u.S.a, (82783) Lead and aluminium billets were extruded 

with ultrasonic oscillations applied to the die, container 

and ram. Extrusion rates were increased by 88% for a fixed 

force, and the extrusion force reduced by 15% for a fixed 

rate. Oscillation of the die was found to be most effective 

in producing these results. Similar beneficial effects were 

observed when oscillations were applied to the inner tool 

“during aluminium extrusion cladding of steel tubes. These 

effects were attributed to a reduction in die and container 

fEUCEUON ¢ 

(84) im the -UsS~S-Rs observed Similarly, Tursunov 

reductions in force of 23% and 42% when extruding copper and. 

brass respectively, with ultrasonic oscillations applied to 

the ram. The microstructure of the product was unaltered,
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but a slight reduction in microhardness was noted. The 

effect was attributed to a reduction in yield stress 

brought about by the ultrasonic action. 

=f have attempted Subsequently, Zaleskii and Mischenkoy ‘8 

to find the optimum method of supplying ultrasonic energy 

to the process. With the die and container forming part of 

a standing wave, two configurations were investigated. With 

the die at the displacement antinode it was found that lead 

Sania not be extruded, cracking and fragmentation of the product 

occurring. However, weet the die at the displacement node, not 

only was cracking eliminated, but the deformation of the 

product was more uniform than. for static extrusion. This 

enhanced uniformity was attributed to a reduction in 

container friction, brought about by the reversing velocity 

of the container relative to the blank. 

Low-frequency oscillations have also been applied to the 

(86) extrusion process, Zaleskii and Mendybaev applied axial 

oscillations at 93 Hz to the moving die in backward extrusion, 

Measurement of the periodic and mean forces showed that the 

peak force was unaltered by Oscillations, the mean force being 

reduced by the superposition effect, 

Zaleskii and Mendybaev §87) also investigated the direct 

extrusion of lead with oscillations at 98 Hz applied to the ram. 

In this case the periodic and mean components of both the total 

force and ‘the eeration force on the container were measured, 

Oscillations were found to reduce the peak force on the 

container by 30-35% and the peak total force by 10% (fig. 9). 

The deformed grid pattern showed a more uniform straining with 

vibrations. The reduction in forces was less marked at the 

higher speeds. Again, friction reduction was the proposed 

explanation.
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Such a reduction in forces was not observed by Spiers 

et ay; ‘°5) in re direct extrusion of lead and aluminium, 

with oscillations in the range of 20-200 Hz applied to the 

ram, Here the peak extrusion force during the cycle was 

found to be always slightly in excess of the corresponding 

force for static extrusion. 

Al2 (e) Sheet metal working 

The use of ultrasonic energy in the rolling process was 

first reported by McKaig ‘89? | Copper, aluminium alloys, steel 

and zinc wire were rolled with ultrasonic oscillations applied 

eG the rolls in an unstated mode. For the same roll- 

separating force an increase in the reduction per pass of 

between two- and five-fold was observed for all materials. 

(90) applied an ultrasonic standing wave to Cunningham 

the test-piece in rolling. When a displacement node entered 

the rolls, reductions in roll separating force of 6% for 

aluminium, 2.5% for copper and 2% for steel were observed. 

At other positions in the standing wave the reduction in roll 

separating force was barely discernible. A stress super- 

position mechanism in’ which the acoustic stress acted as 

front and back tension, thus augmenting the stress state, 

was discounted since the change in load was directly 

proportional to roll separating force, and not acoustic power. 

However, the alternating stress magnitude was not measured, 

and ee a superposition mechanism cannot be ruled out. 

Subsequently, ultrasonic energy was fed into one of 

the rolls in a radial mode, which resulted in the roll 

separating force falling by 16% for lead rolled cold and 53 

for aluminium at 500°, No effect was observed for the cold



(32) 

rolling of aluminiun, copper and steel, and was thought to be 

caused by the 'leaking' of ultrasonic energy to the un- 

activated rolls. The reductions in forces observed were 

attributed to a reduction in friction, brought about by the 

period separation of the rolls from the test-piece. 

The application of low frequency oscillation to rolling 

has been studied in the U.S.S.R. by Burkhanov et gi eee 

In this investigation the upper roll was oscillated trans- 

versely, such that there was a periodic variation in ae 70 JL 

gap, at a range of frequencies O-100 Hz. In the rolling of 

copper strip reductions of 10-15% in specific pressure and 

60-70% in roll torque were observed, these effects being most 

marked when the degree of off loading was greatest. A 

reduction in friction and yield stress was considered to be 

the explanation for these effects. 

The effect of ultrasonic oscillations on the drawing 

of strip has been investigated by Rozner (103) , Where the die 

halves were oscillated normal to the direction of drawing. 

Reductions in the mean drawing load and die separating force 

were observed to result from oscillations. A superposition 

mechanism was said to be the explanation for the reduction in 

drawing load, whilst the die load was said to be reduced by 

decreased friction forces, 

sorokin‘?!) has shown that oscillations have beneficial 

effects on the stretch forming of double curvature shell 

segments. When the forming block was vibrated transverse and 

parellel to the direction of tensioning simultaneously at 45 Hz 

and 20 Hz respectively, a 30% reduction in force, or a 70% 

increase in the attainable deformation was achieved. It was 

also found that the number of stages and anneals could be
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reduced by oscillations for a given final deformation. 

McKaig (89) when drawing aluminium sheet with ultrasonic 

oscillations applied to the die, observed an increase of the 

depth of draw 37% for a given load, with improved dimensional 

accuracy of the product. Similar results have been reported 

by Peacock '92) for dimpling of aluminium and titanium sheet 

with axial ultrasonic oscillations applied to the punch of 

die. The impacting nature of the load, producing high forces 

of short duration, together with a reduction in friction, 

brought about by the reduced contact time, were said to be the 

causes of the greater degrees of deformation. 7 

A 65% reduction in the forming force was reported by 

Langenecker et a1 (93) for the ironing of copper cups with 

ultrasonic axial oscillations of the die. Greater reductions 

per pass were also achieved using ultrasound. A reduction 

in the yield stress was said to account for these effects. 

Similar force redlict boar have been observed by Kristof fy '°5) 

when ultrasonic. axial oscillations were applied to the punch, 

or radial oscillations were applied to the die, in the deep 

drawing and ironing of aluminium and steel. Axial punch 

oscillations and torsional die oscillations, both at 20 Hz 

had the same result for ironing of aluminium and steel. 

Measurement of the periodic and mean punch loads revealed 

that both ultrasonic and low frequencies, the reduction in 

forces when the punch was oscillated was due to superposition, 

the peak stresses were unaltered. 

However, with radial and torsional oscillations of the 

die a real reduction in load was observed. It was concluded 

that the radial oscillations reduced the force by the super- 

position of a periodic normal stress in the die, resulting 

from its radial oscillation, thus augmenting its static
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pressure, Torsional oscillations were said to produce a 

real reduction in force, by causing the line of action of 

the friction force in the die to swing periodically about 

the axial direction. This results in a reduction in the 

mean value of friction ieee in the axial direction, 

Friction forces have been measured in the wedge test 

Lodi. When ultrasonic analogue of deep drawing by Young 

oscillations of the dies in the direction of the punch were 

applied, a considerable reduction in the blankholder friction 

force was observed. Furthermore, this effect was diminished 

at the higher drawing speeds. This reduction in friction was 

found to correlate closely with the friction reversal 

mechanism described in A22,
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This peviey is concerned with theoretical, 

quantitative studies of oscillatory drawing, which 

have attempted to predict the effect of oscillations 

on the deformation loads. 

A2l: Volume Effects 
  

To the author's knowledge, the only comprehensive 

theory on the volume effect is the superposition mechanism 

of Winsper and Sansome 69) | These authors investigated the 

wire drawing process with axial ultrasonic oscillations applied 

to the die. They observed that the apparent reduction in 

drawing force was equal to the cyclic force amplitude in the 

wire at the die (i.e. superposition), and that the cyclic 

force diminished with increasing drawing speed. The following 

is a presentation of the theory proposed to account for these 

effects. 

Consider the wire being drawn by a bull block at a mean 

velocity V through a die that is oscillating longitudinally 

with an amplitude x (figure 10). The position of the die at 

A" thus represents the furthest position of the die from the 

drum. After time ty (point B) the die and the wire are 

travelling at the Se speed and it is postulated that at this 

instant drawing ceases. As a result of the elastic extension 

in the aren wire, after time ty has elapsed, the particle 

Of wire at point B" follows the die movement. At the same 

time the bull-block drum coils the wire at a constant speed, 

as represented by the broken line B" C" D", When the die 

velocity again equals the mean velocity of the wire (point C) 

an elastic extension has been released in the wire that is 

equal in magnitude to C'C", This extension is then "taken
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up" partly by the drum and partly by the die on its return 

cycle, until at point D" drawing commences again. The 

length C'C" represents the peak to peak amplitude of 

movement in the drawn wire and hence the magnitude of 

the reduction in drawing force. This analysis can be 

described in mathematical terms as follows: 

The amplitude of die oscillation = xcoswt and therefore 

the velocity of the die = Xusinwt. It is postulated that 

drawing ceases when V = xwsinwt. 

1 etn 
Ww 

. 4 
i.e. when t. os i (1) 

If the periodic time = 21r/w, then after nt/w - ty has elapsed, 

the peak to peak displacement amplitude in the drawn wire is 

a maximum. At this interval in time the die and wire will 

have travelled a distance:- 

. T 
xcosw ty + xs inw (5— - t,) 

2xsin(> - w ty) sa) 

and the drum will have coiled a length of wire:- 

Oe 
= V iL T - 26t 3) 
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The peak to peak oscillatory elastic movement induced in the 

wire is then ohtained by subtracting equation (3) from 

equation (2). 

x 
rn) 

  

2x = 2 xsin (+ - wt) a T = 20 t, | (4) 

Now the maximum acoustic stress amplitude in a standing wa:e 

is related to the maximum displacement amplitude by the 

equation:



(38) 

a 

Oa UKE (5) 
Cc = 
  

and therefore, knowing the position of the die in the 

standing wave, the cyclic stress amplitude at the die may be 

computed, and compared with the observed reduction in 

drawing stress (figure a). 

It should be noted here that the authors appear to 

have taken equation (5) to relate stress amplitude at a 

point in a standing wave to the displacement amplitude at 

the same point, since the displacement amplitude computed in 

equation (4) is substituted directly in (5) to obtain stress 

amplitude at the die, and therefore the reduction in drawing 

force. 

‘ T V 
2xsin (= - wt) a 

: = ,OBA 
Teo 2AR.= ae [7 = 2ut, | (6) 

However, when the results given are checked with the correct 

use of equation (5), it does appear that the authors have 

indeed correctly applied this equation and the theoretical 

curve presented is not in error, 

This theory can be seen to correlate well with experimental 

data, (< 15% error.) especially at the higher drawing speeds. 

At the lower drawing speeds the theory overestimates the Cy GC 

stress and therefore the apparent reduction in drawing force. 

The authors attribute this to the assumption that during the 

period when drawing occurs the velocity of the wire at the die 

is the steady drawing speed, V. They suggest that, in reality 

there is a cyclic component of drawing speed superimposed on 

the steady value, represented by the chain-dotted line in 

figure (10), which will result in a delay in the cessation of
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drawing and a subsequent reduction in the amplitude of induced 

oscillation of the wire. Furthermore, this cyclic component, 

and hence error, will be greatest at the lower drawing speeds, 

where the induced stress levels are highest. 

The velocity variation indicated in figure (10), however, 

is not compatible with theory, since it is assumed that while 

drawing is not occurring the wire moves with the die, i.e. 

the velocities of wire and die are equal. Thus through most 

of the cycle the cyclic component of velocity of the wire is 

the die velocity. During the period when drawing occurs, the 

wire is not forced bo oscillate , but inertia forces may 

cause the oscillation to continue to some degree. The cyclic 

velocity indicated in figure (10) is therefore 90° out of phase 

with the theoretical one. However, a cyclic component of 

velocity as described above will have the same effect of 

reducing the induced oscillation amplitude in the wire, 

especially Sichicwas drawing speeds. 

Inherent in this theory is the assumption that the 

drawing force is unaltered by oscillations. However, at low 

(71) frequencies (0-500 Hz), Winsper and Sansome observed an 

increase in the peak load with oscillations, which was 

attributed to a combination of sticking friction anda 

transient, non-equilibrium deformation pattern. This effect 

was most marked for high cyclic stress levels. It is possible 

that at ultrasonic frequencies a similar increase of the 

drawing force would result from oscillations, and thus 

diminish the reduction of mean drawing force, as observed. 

Inspection of equation (4) will reveal that the coupling 

coefficient (X/x) between the die and wire is a function of
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Golubev and Dyadechko, 1965. 
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the ratte Of coat drawing velocity to the peak die velocity 

only. Furthermore nO cecitlasion is induced into the wire 

for a drawing speed greater than the peak die velocity. 

In their study of multi-die drawing with ultrasonic 

axial oscillations applied to one die, Winsper and Sansome ‘ 70) 

found that the superposition theory described above did not 

predict all of the drop in drawing force observed experimentally. 

It was found that in those dies that had an oscillatory back 

tension applied to them, the deformation only responded to the 

mean component of that back tension and therefore resulted 

in a genuine reduction in final drawing load (see figure (11)). 

When wire is Ae awn eaueuen a die with an applied back 

tension, the drawing load P, is given by: 

Pe Py +3 hee 5):0 

where ee = drawing load without back pull. 

Q back pull. 

b back Dil Tactor. 

Thus, in conventional drawing, for the situation shown in 

figure (11), the following equations apply. 

Po = Poy +(1 - bo)P, 

and 

P3 = P29 +t: (le b3)P, 

Substituting for Po 

P3 = P20 + (1 - b,) Poo + (Ls bob, - b, - b,)P) 

If now the second die is oscillated axially an ultrasonic 

oscillatory force of magnitude dF' will be induced in the 

lengths of wire between the dies, and between the second 

fixed die and the coiling drum. The effect of this oscillatory
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force is to reduce the forces Pie Po and P by an amount 

equal in magnitude to the applied oscillatory force. 

Therefore the equations for Po and P, given above will be 

modified as follows: 

taal i: 
P tL = bo) (Py = GF-) = dF Po 20 

tl 

and 

p 2 
3 P30 + (1 - b3) Po -~ dF 

The total mean drawing force under oscillatory conditions 

can be written as follows: 

ae i b,) art P=" P + (1-b3)Po5, “+ (1l+b,b 37 Poth, 3 30 cbo7P 4) ey le eae 3 

Thus the reduction in total mean drawing force is given by: 

i, = a b AP, A bo 2b,+tb, 3) aF 

The reduction in peak drawing force is obtained by subtracting 

the amplitude of induced cyclic force from the reduction in 

mean force computed above. : 

A comparison between theoretically predicted and 

experimentally observed reductions in mean drawing force is 

shown in figure (11). As may be seen from this graph there 

is close agreement between theory and observed data, thus 

validating the theory. 

Thus there may be seen to be an essential difference 

between the effects of oscillatory front tension and 

oscillatory back tension at ultrasonic frequencies. The 

deformation in the die responds to the instantaneous value 

of the former, as illustrated by the superposition mechanism, 

since it is the peak instantaneous value which equals the 

non-oscillatory drawing force, whereas it does not respond to 

the latter, merely feeling the average value. There is as 

yet no clear indication why this should be so.
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A22: Surface Effects 
  

Investigators in the U.S.S.R. have proposed three 

theoretical explanations in terms of friction to account 

for the observed reductions in drawing force when 

oscillations are applied to the die during drawing. 

(73) observed that low frequency torsional Golubev 

oscillations of the die in bar drawing produced a reduction 

in drawing force. This he explained in terms of the dis- 

placement of the vector of friction force from its axial 

direction, since with oscillations the velocity of the wire 

relative to the die has both axial and transverse components !32) 

Toe. Me a /\2 ‘ ye 

ik + 

where — resultant velocity of sliding of wire relative to 

die 

Vy = velocity of sliding towards the apex of the die 

ves velocity of sliding normal to the die axis 

THUG 0 2.22 
Cc y ~ he 5.20) cos’ 

Where r = average radius of die. 

w = angular frequency of vibrations 

@¢ = angular amplitude of vibrations 

vy = wel 

t = time 

The inclination of the resultant sliding direction to the 

conventional direction (that ofv.), is y given by: 

cos y = “k 

ve ar 6 Eur con b 

  

Thus the average friction force in the direction of drawing 

throughout one oscillation period is given by:-
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eb 

ONE 
N,f) a i cosy dt 

Oo 

where Njf) = average friction force in direction of drawing 

N = normal force on an elemental area of the contact 

surface 

f= COOGEE Clent of fruLctzon 

1/2 
vk a 

Thus nf ee Ne 
eed Tt $xXW ere) 

v oe + cosy 
oO $xw 

v 
sak 

and for 8 = te 

1/2 
cr. 24 NEB di 4) 
Tey T 2 2 A) 

Oo (Be Ecos: W) 4 2 

23 Nes eee ee : k ee 3 Ty, 

(hoy Beye 

1/2 

ee ¢ a 
Where k = ee ee eee v) 1 1 : 1.4. 32 

Oo 

Thus the proportional reduction of the mean frictional force in 

the direction of drawing is given by: 

1*i 2 B ee: ee ee hee NE Ws aay a 

The authors solve k using elliptical integrals, the 

resulting variation of proportional reduction of friction 

force —, with velocity ratio 8, being shown on figure (12). 

Several assumptions are inherent in this analysis, though 

not stated by the author. It is assumed that the torsional 

oscillations of the die do not induce forced torsional
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oscillations in the wire. However, since the direction of 

the friction vector is swinging about the axial direction, 

there must be a transverse component in the form of an 

applied torque to the wire. This will cause an elastic 

rotation of the drawn wire, thus reducing the effective 

transverse component of velocity. This effect will be most 

marked for wire with a low torsional stiffness, i.e. small 

diameter, large free length. Thus it is thought that the 

greatest effect will be achieved in the drawing of bar. 

Secondly it is assumed that the friction force magnitude 

is unaltered by oscillations. The effect of oscillations is 

to increase the sliding speed vat thus for torsional velocities 

the coefficient of friction may indeed be altered by the 

increased rate of shear of the lubricant film. However, for 

small torsional velocities the assumption is less erroneous, 

The analysis yields the effect of oscillations on the 

mean friction force. During those instants in the cycle when 

the torsional velocity is zero, no reduction: in: friction. in 

the drawing direction will be achieved, and therefore the 

maximum friction force is unchanged. At low frequencies it 

is thought that the deformation will respond to these cyclic 

fluctuations in the friction component, resulting in a 

fluctuating drawing force, the mean of which is reduced by an 

amount determined by the theory, but the peak Of which is 

unaltered. Thus no real benefit is achieved. However, there 

is evidence that at ultrasonic frequencies the deformation does 

not respond to fluctuation friction stresses ‘100,104) but 

merely feels the mean. In this case real reductions in drawing 

force may be achieved. 

Finally it should be noted that the above analysis is for
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an elemental plane in the deformation zone. To compute the 

effect on drawing force it must be integrated over the whole 

deformation zone, 

Transverse oscillations of the die have been observed to 

(75) for low frequency wire 

(68) 

reduce drawing forces by Golubev 

for ultrasonic wire 

(98,99) 

drawing, by Vatrushin ‘74? and Lehfeldt 

drawing, and by Severdenko and Reznikov for ultrasonic 

tube sinking. These last authors have presented a possible 

aecrentsu of friction reduction with transverse oscillations. 

They state that since the direction of, the; velocity. vector oF 

a particle in the die is generally not inclined to the drawing 

direction by the die angle, due to the transverse oscillatory 

velocity component, then the friction force vector is similarly 

not inclined to the drawing direction by the die angle. Thus 

only a component of the friction force is in the conventional 

direction, énd the effective friction force is reduced. However, 

this argument is in error, since no matter what transverse 

velocity the die has, it still has the same cone angle, and the 

friction force is still along the surface of the cone, and is 

thus unaltered in direction. It is most likely that the 

observed reduction in drawing force is due to the induced 

transverse oscillations of the drawing wire producing a cyclic 

stress in it, which will then give rise to a conventional 

superposition mechanism, as observed by Lehfelat (©?) , 

A mechanism for the reduction of friction when axial 

oscillations are applied to the die in drawing has been 

described by Verderevskii et alto? The basis of this is the 

periodic reversal of the friction vector brought about by the 

periodic reversal of the sliding direction, thus reducing the 

mean friction force throughout the cycle.
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Consider wire or tube being drawn through’ a die. at a 

velocity a whilst the die has an oscillating velocity 

Vv, = w&, where w is the angular frequency and bo is the die 

displacement met tude. Et Yn Me then over the period of 

time when Me coincides with the direction of ae and exceeds 

it (i.e. when we ,coswt > aay the die will "pull" the body, 

with a force equal in magnitude to the friction force, Fut 

but opposite in direction. 

Figure (13) shows the die oscillating velocity and the 

constant velocity of ay body varying with time. The lower 

curve shows the attendant variation of friction force, from 

the assumpticns adopted. As seen, in the time interval 

2 = ati: when wet MS the die motion assists the body motion. 

As the oscillatory velocity amplitude decreases, (broken curve), 

L pr @ty = Te 

and throughout the period the friction force EA acts on the 

there is a decrease in T/2 - 2t When Pee ee 

body. As the constant body velocity 4 is decreased, the 

period T/2 - 2t, during which the body motion is assisted, 

is increased. The period T/2 + 2ty during which motion is 

hindered by friction is consequently decreased. The ratio of 

the oscillation period to the difference these time intervals, 

meZ T/4t, shows by what factor the friction force is reduced. 

  

Now ee ey 1 
2 -1 v 

sin Gee 

ot 

and. ii iw > << 48 
n Oo 

oe THES 

2v 

Thus friction is more effectively reduced for large w-and 

Eo
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The above analysis, whilst it is considered to give a 

possible mechanism of reduction of the mean friction force in 

the general case of a body sliding with constant speed over an 

oscillating body, it is thought inapplicable in the case given 

of drawing through an oscillating die. In this case when 

drawing is taking place the velocity of sliding is determined; 

the product may only move forwards relative to the die. Thus, 

when drawing is occurring the friction force is unaltered. 

An enlarged theory of this type has been used by Nosal and 

Rymsha ‘22? in an attempt to explain the reduction in drawing 

force in tube sinking with axial oscillations applied to the die. 

' However, this theory is also inapplicable for the same reason. 

In the application of this theory, however, Verderevskii 

et al. investigate a situation where this problem does not 

arise; the drawing of tube with ultrasonic axial oscillations 

of the plug. In this case friction is reversed on the plug, 

and drawing may occur when the friction force is in either 

dire @eilon:. Experimentally reductions in drawing load of 25-30% 

were observed, whereas the theory predicted reductions of 20-25%. 

However, Since plug loads were not measured, only an estimation 

of the effect of these on drawing loads could be achieved and 

therefore the predicted values must be approximate. The author 

of this thesis has published independently a similar theory for 

friction reduction in this case (33) | 

This theory predicts a reduction in the mean friction force 

applied by the plug on the bore of the tube. It is thought 

that at low frequencies the deformation will respond to these 

reversals of friction and thus during some portion of the 

cycle drawing will occur with friction in the conventional 

direction, and therefore with the conventional drawing load.



(50) 

Thus in this instance no benefit is achieved. However, at 

ultrasonic frequencies experimental evidence Suggests that 

the deformation only responds to the’ mean component of 

fraeeioen force (194) , and thus in this instance real reductions 

in drawing force may be achieved. 

The theory assumes that the friction force remains 

unaltered in magnitude by oscillations. However, since 

the velocity of sliding is increased and thus the lubricant 

film is sheared more rapidly this may not be so. Also more 

friction work is done in the bore of the tube, and this may 

affect the surface condition of the bore, thus altering the 

friction coefficient. 

Finally it is assumed that no oscillatory component of 

velocity is induced in the drawn tube. However, Winsper and .- 

(81) Sansome have observed that when ultrasonic oscillations 

are applied to the plug, cyclic stresses are induced in the 

tube, which will not only give a cyclic component to the 

drawing speed, but also give rise to a reduction in the mean 

drawing stress due to superposition.



A3: DISCUSSION OF PUBLISHED LITERATURE
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A3l1: The Volume and Surface Effects 
  

The effectiveness of applying oscillatory motion to a 

metal deforming plastically is generally considered from two 

aspects. It can be said that the volume effect deals with 

the influence of oscillations on the internal stresses during 

plastic flow, elisa the surface effect is concerned with the 

external friction on the metal. Fundamental research into 

these aspects is described in part Al of this review. 

Since in a tensile test there are no external friction 

forces, research in this area has revealed the nature of the 

volume effect. Early work searched for an understanding of 

the mechanics of ultrasound propagation in a yielding metal. 

It suffered from the difficulty of assessing accurately the 

periodic stresses induced and confusion arose from the 

approaches adapted. Consequently, the reduction in force 

observed was considered to be real; ultrasonic energy was 

thought to be absorbed by ere dislocations, which assisted 

their motion (6,7), 

' However, difficulties arose when attempting to discover 

the means by which such energy could be so absorbed. Once 

it became possible to measure accurately the periodic stress 

it became apparent that the reduction in mean force was equal 

to the periodic force amplitude, and thus the peak stress during 

the cycle was equal to the current yield stress '?) , This implies 

the material yields intermittently when the applied stress 

equals the yield stress, and during the remainder of the cycle 

the test-piece undergoes elastic off-loading and loading. 

Although this superposition mechanism is sufficient.to
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explain the majority of experimental data, the large-scale 

reductions in stress observed when intensive ultrasound is 

(11,57,59) imparted to the test-piece, is not so explained. 

Similarly, superposition does not account for reductions 

in hardness, rate of work hardening and residual 

stress (021617453) It now seems that these are the result of 

heating of the test-piece, brought about by internal friction. 

There are conflicting reports about the effects of 

ultrasound on the strain to fracture. In some cases travelling 

(6,7) waves cause an increase, which may be the result of 

heating, whereas standing waves result in a decrease in strair. 

to fracture {13-18) However, with standing waves the maximum 

value of acoustic stress varies along the length of the test- 

piece, being greatest at the displacement node and zero at the 

displacement antinodes. Therefore, the majority of straining 

will occur at the node, result rng in an effective reduction in 

the active length of the test-piece. Thus, not only may the 

strain of the test-piece be apparently reduced, but, because 

the geometry of the active portion of the test-piece is 

altered, the reduction in area and ultimate tensile stress may 

Similarly be reduced. 

Thus there are now thought to be two components of the 

volume effect. At low intensities the mean stress is reduced 

by superposition, while thermal softening becomes progressively 

more apparent as the intensity of oscillation is raised. 

The surface effect is not so readily explained, but 

fundamental investigations have shown several possible mechanisms 

for friction reduction. The most common claim is that 

separation of the surfaces gives an apparent reduction in 

; : : 5 friction, by reducing the time during which the force acts (*
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This, however, does not necessarily change the effects of 

friction, since during the period of contact, when 

deformation occurs, the friction fodees will still be felt. 

However, it is thought that Series ion may result ina 

reduction of the friction forces by the breaking of weldments (24) 

and by the redistribution of lubricant when used (48) 

Another possibility for the reduction of friction forces 

is periodic changing of the line of action of the friction 

vector. Tangential oscillations in the direction of sliding 

a produce a periodic reversal of friction forces {?9) and 

normal to the sliding direction a swinging of the friction 

VECtOr about its static position (31) Neither of these modes 

necessarily reduces the magnitude of friction forces, but 

both result in a reduction of its mean component in the 

sliding direction,
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A32: The Volume and Surface Effects in Metalworking Processes 

en 

Most of the early attempts to apply oscillations to 

metalworking processes were hampered by a lack of understanding 

of the nature of ultrasonic stress waves, and the inability to 

measure accurately their magnitude. Consequently, at ultra- 

sonic frequencies only mean forces were measured. Furthermore 

at low frequencies, no mention was made of allowing for the 

high inertia forces involved, when relatively massive tooling 

is oscillated with high accelerations. Hence, the universal 

claims of reduction in deformation forces are not reliable, 

since the peak instantaneous stresses in the deformation zones 

are not known. 

Any assessment of the kind of mechanisms involved in 

these apparent effects is further hampered in many cases by 

insufficient details of equipment, technique or results being 

given. 

In those later investigations, however, where periodic 

stresses were measured (9120,21,58, 68-72 ,86) the universality 

of the superposition mechanism has been demonstrated, i.e. 

when the applied stress has a eye! e* comonact: then the mean 

applied stress will ce reduced by the cyclic stress amplitude. 

Furthermore this has been shown to be true at ultrasonic and 

sonic frequencies (/0+ 71) Thus, even if other mechanisms of 

force reduction are active, superposition will always account 

for some reduction in forces, when the forming force has a 

cyclic component. Thus, jn the absence of a heating or friction 

effect, it is thought that for the majority of instances where 

a reduction in load, increased deformation, or increased strain 

rate were observed, these effects were the result of super- 

position.
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Whilst in many early investigations the temperature 

rise of the workpiece was not recorded, inake LS. nO doOubGathat 

at high intensities of ultrasonic energy, heating of the work- 

piece becomes an important factor. The temperature rises 

reported by Tzumi {°9) Severdenko '©9) and Robinson ‘63) were 

sufficient to produce thermal softening of the material being 

formed. 

From the published data it is difficult to asSess the 

effects of oscillations on friction in metal-working processes. 

Many claims of friction reduction have been made which were 

largely unsubstantiated. It is considered that, in the light 

of more recent research, the majority of reductions in force 

observed and attributed to a reduction in friction, were more 

likely due toa combination of superposition and heating. 

However, enare are cases which are not so readily 

explained by these mechanisms. The barrelling of a forged 

test-piece is due to the frictional constraint at the end 

faces... Ogeiliations of the platens have been shown to reduce 

this non-uniformity of deformation at low frequencies {34~47) 

and even reverse it at ultrasonic frequencies /°°°1) Similarly, 

the virtual elimination of stick-slip and chatter in wire and 

tube drawing ‘79 80) o> and the improved product in extrusion 

point to ultrasonic oscillations improving friction conditions. 

_Low frequency axial oscillations have been shown to reduce 

friction forces in extrusion (87) and low frequency torsional 

oscillations are thought to reduce frictional forces in 

ironing §°8) Leh anc bar drawing 

At present, the underlying mechanisms are not definitely 

known, but research reveals several possibilities. Low 

frequency oscillations are most effective in reducing barrelling
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in upsetting when the tools periodically separate from the 

surface. Thus, the welded functions are beige broken 

continually, and if a lubricant is being used, the specimen 

may be effectively relubricated once every cycle. The import- 

(48) ance of lubricants has been demonstrated by Lee et al. at 

low frequencies, and Petrenko (98) at ultrasonic frequencies. 

The former showed that under cyclic loading, the peak force 

was reduced only when active, i.e. reactive, lubricants were 

used. The latter showed reductions in mean load of a higher 

magnitude when an active lubricant was used, 

However, it has been suggested that the loading is of an 

impacting nature (45/92) resulting in the production of elasto- 

plastic waves which penetrate the specimen. Research into the 

impacting of finite bodies has revealed that the permanent 

strain produced such loads has a similar distribution to 

that observed after forging with ultrasonic oscillations of 

the platens. 

The most probable mechanism for friction force reduction 

in drawing and extrusion is the reduction of its mean component _ 

in the axial direction by periodic variations in the direction 

of the friction vector. Periodic reversal of the plug friction 

force in tube drawing, with ultrasonic axial oscillations of 

the plug, has been suggested as an explanation of the apparent 

reduction in drawing force (100, 106) Winsper and Sansome (81) 

have observed that superposition alone cannot account for the 

(104) load reductions in this case. Furthermore Young has 

demonstrated this mechanism to be active in deep-drawing,. 

Periodic swinging of the friction vector produced by torsional 

oscillations of the die has been proposed as a means of re- 

isa, 32} (58) ducing friction in bar drawing and in ironing.
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Oscillations have been applied to metalworking 

operations in such a manner that the above mechanisms of 

superposition and friction reduction cannot be applied. In 

these cases the application of oscillations results ina 

changing of the process itself. In the case of wire 

drawing with ultrasonic radial die oscillations studied by 

Lehfelat (68) the process becomes a combination of drawing 

and swaging, since cyclic radial pressures are induced at the 

die to wire interface. Evidence of this change of deformation 

pattern is provided by the radically changed deformed grid 

pattern. Furthermore, the low frequency transverse oscillations 

of the roll gap in strip rolling, studieqg by Burkhanov et al., 

oe pee changes the process to a combination of rolling and 

plane strain forging. In both these cases plastic work is 

done in the transverse direction, reducing that required 

axially. 

Thus, there are four main areas of effectiveness when 

oscillations are applied to metal deformation, and these will 

now be discussed in turn. 

If the oscillations are Siolied be the process in such 

a Manner as to produce a cyclic component of the applied stress, 

then this will result in a reduction of the mean applied stress 

equal to that cyclic component. Thus, the maximum value of 

the applied stress in unaltered. Furthermore, deformation will 

occur intermittently, when the load is a maximum, This has been 

shown to be true for both ultrasonic and sonic frequencies. 

Such a mechanism means that no effective load reduction is 

achieved, and therefore when the applied loads are tensile, 

no greater reductions in area are possible. Also, super- 

position is only effective for drawing speeds less than the
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peak oscillatory velocity. However, oe nher requirement on 

the forming machine is less, since the mean forces are reduced. 

The residue of power is provided by the oscillator. 

Thus, the capacity of existing machines may be increased. 

When the level of oscillatory energy imparted to the 

workpiece is high, it will result in a rise in temperature. 

This may result in thermal softening of the material, 

resulting in a reduction in forming load. However, since 

conventional methods of applying heat are readily available, 

and generally more efficient, it is considered that this 

mechanism has little commer¢ial significance. 

If the oscillations are applied in such a manner as to do 

work on the workpiece in the direction normal to the applied 

work, then the applied work will be reduced. In the situation 

where ‘the applied forces are tensile, e.g. drawing with radial 

die oscillations, real benefits are possible, since greater 

reductions in area are possible. Also, the conventional limit 

on the maximum reduction of area does not apply since with 

sufficiently powerful oscillations all the work could be 

transferred to the transverse direction, and the process 

becomes one of swaging only. In the case of rolling with 

transverse oscillations of the rolls, however, there will 

. still be a limit on the reduction due to roll flattening. 

The choice of frequency is important when this mechanism is 

used, since if the throughput of material per cycle is large, 

it may produce a rippled product as observed by Burkhanov '+01) 

in the case of rolling. However, the reduction of applied 

forces by this mechanism is not dependent on the ratio of 

product speed to oscillatory velocity, as in the case of the 

superposition mechanism.
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The major friction reduction mechanisms which have been 

proposed are those relating to a reduction in the mean 

component in the direction of applied stress, by means of a 

periodicity in the direction of the friction vector. By 

these mechanisms the mean friction component can be reduced, 

in the limiting condition of zero deformation speed, or 

infinite oscillation velocity, to zero. “Thus the most thet 

can be achieved is the elimination of the mean friction force 

on. the oscillated tool. Ii, however, the cyclic velocity is 

less than the drawing velocity, then with axial oscillations 

no reduction in mean friction is achieved. However, with 

torsional oscillations, no such limitation occurs, and the 

mean friction force will be reduced by some degree for all 

velocity ratios. 

Whilst the mean friction force will be reduced at all 

frequencies by these mechanisms, it is not yet clear how the 

applied stress is affected. At ultrasonic frequencies it 

appears that the deformation only feels the mean component 

of friction. This has been shown to be the case when radial 

oscillations are applied to the Signe voldex in deep drawing {104) 

Alsoy it has been shown that the deformation in wire drawing 

only responds to the mean component of back tension !/0) The 

effects of a low frequency oscillatory frictional stress, or 

‘back tension, has not yet been studied, but it is thought 

that in this case the deformation will respond to the cyclic 

component, and thus little benefit will be achieved. This 

possibility will be studied as part of this present invest- 

Loationey& 

Finally, it is thought that when deforming metal over an 

oscillating tool, the increased relative mention, and hence
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frictional work, will result ina 'burnishing' of the product, 

thus improving the surface finish. When tube is drawn over 

an ultrasonically oscillated plug, a marked improvement in the 

surface finish has been reported {/9r80, 81,105) Such an 

improvement in the surface condition will result in a changed 

friction force, thus invalidating the assumption in the theories 

of friction reduction of a fixed magnitude of friction force.



PART B3 OSCILLATORY WIRE DRAWING 
 



General view - wire drawing.  



Bl: Introduction to Oscillatory 

Wire Drawing
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Bl: Introduction to Oscillatory Wire Drawing 
  

Prior to the initiation of this research programme, 

axial oscillations had been applied to the die in Single 

die wire drawing only. At both ultrasonic and sonic 

frequencies, the reduction in mean drawing stress was shown 

to be the result of the superposition of the cyclic stress 

upon the mean stress. Thus the peak force during the cycle 

was unaltered by oscillations, and therefore no greater 

reductions in area were possible, This behaviour infers 

that Ee is being drawn intermittently at the peak stress, 

while in the remainder of the cycle t:he motion of the die 

causes elastic offloading and loading of the drawn wire. 

It was therefore proposed that if wire was drawn through 

‘two axially oscillated dies in succession, and the dies were 

oscillated in anti-phase, the wire would be drawn alternately 

’hrouch each die. Thus the drawing machine would never be 

subject to a load attributable to reducing wire in both dies 

simultaneously, and consequently the drawing load would be 

reduced. It was further proposed that the peak load in the 

first die would be unaltered by oscillations, but its mean 

load would be reduced by superposition. The motion of the 

two dies would induce a cyclic force in the wire between them, 

due to elastic off-loading, providing the cyclic component 

for this superposition mechanism. This would constitute a 

cyclic back tension applied to the second die. It was 

considered that at low frequencies the deformation would 

respond to the cyclic component of this back tension. By 

eset Taring the dies in anti-phase, drawing would occur in 

the second die wien’ Ene applied back tension was minimum. 

Thus the maximum load in the final wire would be reduced by
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virtue of a reduced back tension in the second die. 

The purpose of this research programme was to investigate 

the possibility of such a mechanism, and to determine the 

underlying mechanics of the process. It was therefore 

decided to investigate the effects of the following variables. 

(1) Frequency of oscillation 

(2) Amplitude of oscillation 

(3) Stiffness of wire between the dies 

The drawing machine used was a 2000 lbf bull block, 

Gondarted be take two drawing dies. The axial oscillations 

were imparted to the die by two electro-hydraulic vibrators. 

Strain-gauce load cells were inserted between the die-holders 

and the vibrator rams to measure the die loads, and strain- 

gauges on the drum shaft measured the torque in the drum. 

Seismic mass velocity transducers measured the amplitude and 

phase relationship of the two dies, and the torsional amplitude 

of the induced drum oscillations. Drawing speed and die 

separation were also measured. 

Initial tests revealed that the friction forces in the 

drum bearings rendered the drum torque cell measurements 

inaccurate, and its use was discontinued. Drawing loads were 

determined by the algebraic addition of the two die loads, 

and checked for various conditions with strain-gauges bonded 

directly to the wire. 

In view of the mechanical nature of the superposition 

mechanism as revealed by prior research, it was thought 

unnecessary to investigate the effects of various reductions 

of area, material, or lubricant. Accordingly, these were held 

constant for the whole investigation.
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In order to develop an understanding of the underlying 

mechanics of the process, it became necessary to study the 

mechanics of drawing wire through oné axially oscillated 

die, since the process was less complex. Therefore a series 

of drawing tests were conducted, studying the effects on the 

magnitude of induced cyclic stress of such variiables as, 

Amplitude 

Frequency 

Drawing Speed 

The results of this investigation were compared with 

those obtained from an electrical analogue of the process. 

The insight gained from this investigation was then utilised 

in formulating a theoretical analysis for the initial case.
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B23. Equipment 

For the purposes of identifying the positions assigned 

to the various units, the following convention is used 

throughout this investigation. The position at which the 

wire receives its first reduction is designated 2, and the 

position of the second reduction as 1. Thus vibration 

transducer 2 is attached to the die-vibrator unit performing 

the initial reduction. 

B21: Drawing machine 
  

The drawing machine used was a ee buli=block of 

conventional design, but with extensive use made of plane 

bearings and close tollerances to ensure maximum rigidity. 

This was done to ensure the minimum loss of oscillatory energy 

to the machine. This type of machine was originally selected 

since it ensures a fixed free lemogth of drawn wire. In order 

that the machine could accommodate two vibrators and dies, 

a rigid cantilever assembly was mounted on the die box table, 

upon which the vibrator holding flanges were mounted. The 

flange for die vibrator 1 was permanent ly attached to the root 

of the cantilever, whilst the position of vibrator flange 2 

could be varied along the beam by means of a leadscrew. 

A full specification of the drawing machine and detailed 

-drawings of the modifications are given in appendix l. 

B22." Vibrators 

The oscillations were imparted to the drawing dies by 

means of electro-hydraulic vibrators. These were essentially 

double emer jacks powered by hydraulic oil under pressure. 

The oscillations of the vibrators were controlled by servo
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amplifsers a¢iaias hydraulic control valves. The controlling 

signals were generated by a low-frequency electronic oscillator, 

coupled with a phase shifting adaptor. These signals were fed 

into the servo amplifiers together with the outputs of 

displacement transducers mounted on the vibrator ram. 

Complete specifications of the above items are given in 

appendices 2 and 3. 

B23: Drawing Dies 
  

A range of drawing dies were available for use on the 

drawing machine. Since previous investigators had ahah that 

reduction of area was not an important parameter in determining 

the effectiveness of applied oscillations on the drawing 

process, it was decided to limit these investigations to one 

reduction of area in each stage. ‘The previous investigations 

ih) on this machine revealed that the cyclic forces by Winsper 

induced in the drawn wire set up forced oscillations of the 

drum, rendering the analysis of the system more complex. It 

was therefore decided to use the smallest diameter die in the 

second reduction stage, thus minimising the stiffness of the 

drawn wire, and hence the magnitude of the cyclic forces. 

However, in order to ensure the largest possible range of die 

amplitudes before the dies separated from the wire, the overall 

reduction in area was made as high as possible with the existing 

dies, this creating the maximum stresses in the drawn wire. 

The dies used were of radius profile, manufactured from 

tungsten carbide pellets, brazed into mild steel cases. 

Details of their geometry are given in 71) | Their throat 

diameters were 0.185 ins and 0.158 ins, giving, for wire of 

initial diameter 0.213 ins, reductions of 25% and 26.3% 

respectively, and an overall reduction of 44.8%.
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B24; Material 

In view of the ugerentnes nature of the process evidenced 

by previous investigators, it was decided to limit the 

investigation to one material only. Mild steel EN2B was 

selected because of its commercial implications. A 

speeieaes tach of this steel is given in appendix 13. 

The wire was supplied in coils, taken from the same cast 

to. minimise variations in drawing load, fully annealed and 

lubricated with a phosphate coating, with a diameter of 0.213 

ins. Stress-strain curves for this wire in the undrawn and 

drawn state are presented in appendix 12. 

B25: Lubricant 

Since lubricants have generally been shown to have little 

influence on the effects of oscillations on metalworking 

processes, it was decided to use dry soap (sodium stearate) 

throughout the investigation. This choice was made partly 

because of the wide industrial application of this lubricant, 

and also because of its consistent lubricity, its ease of 

application, and cleanliness in use. 

The soap was applied to the wire at die 2 by a soap bath 

shown in figure 14. A similar bath of smaller oes was 

attached to the end face of die-holder 1. The dimensions of 

this unit were minimised to ensure that the dies could be brought 

as close together as possible, when investigating the effects of - 

wire length between dies. 

B26: Die holders 
  

During the course of the previous investigation two die- 

holders of identical design were manufactured. The materials 

used were alloy steel, Vibrac 45, and aluminium alloy, Duralumin.
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These units were also used in this investigation, the steel unit 

with die 1 and the aluminium unit with die 24 hacigieht bes. Lor 

applying cooling water to the dies were provided in these units, 

but since the previous investigation has shown no tendency for 

over-heating when low frequency oscillations were applied, no 

cooling was applied in this investigation. The die-holders 

were designed to accept the attachment of seismic mass velocity 

transducers to their end face. Detailed drawings of the design 

are given in appendix 1,
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B3 Instrumentation   

B31: Loadcell design and construction 
  

The load imparted to the die during drawing was measured 

by a loadcell placed between the vibrator ram and the die- 

holder. The loadcell was attached to the vibrator ram by 

means Of screw threads, 1% in B.S.F., and to the die-holder 

by eight 3 ot in B.S.F. bolts on a 3% in. dlameter pitch circle; 

One loadcell was available from the previous investigation, 

the design details of which are given in figure 15. This was 

manufactured from Vibrac 45 alloy steel, heat treated to a 

tensile strength of 120 tonf/in?, the cnaleote of whichis 

given in appendix 13. 

The loadcell consisted essentially of a cyclinder 1 in, 

internal diameter and 0.1 in thick designed to strain 0.02% 

at the maximum load: of «27000 Jon. - The. cylindrical: section was 

ground to size, and sixteen 75 ohm st:rain gauges were bonded 

to it in the manner described in Ret the configuration 

of the bridge being shown in figure (16). This loadcell was 

employed in position l. 

A second loadcell of identical design was manufactured 

from carbon steel, EN24, heat treated for a tensile strength of 

80 tonf/in’. The analysis of this material is given in 

appendix 13. 

In this case the gauges had a resistance of 120 ohms each, 

Since manufacture of the 75 ohm gauges had been discontinued. 

The construction of the bridge was identical to that described 

fotee? This loadcell was employed in position 2. 

B3a: Torque-cell 
  

Facilities for the measurement of drawing load on the drum 

of the drawing machine were available from the previous
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investigation, -A torque cell had been constructed on the 

drive shaft of the drum incorporating four foil torque gauges. 

A poor junction in the connections of this bridge circuit 

had developed necessitating the rebuilding of the bridge. To: 

this end four foil torque gauges, resistance 50 ohms were 

bonded to the drive shaft, equally spaced around the 

circumference. The method of preparation and attachment was 

(7) 
identical to that described in The resin was allowed to 

cure for 8 hours under an infra-red lamp and the gauges were 

interconnected in the form of a wheatstone bridge, as shown in 

figure 17, thus ensuring the most effective compensation for 

temperature changes and bending. The bridge was encased in 

di-gel to ehauce adequate moisture proofing. 

The leads from the bridge were fed through the centre of 

the shaft to its free end, and connected to a slip ring assembly; 

the specification of this appears in Appendix 3. Both the 

loadcells and the torquecell were designed to operate with a 

24v a.c. supply (see Appendix 3). 

B33 Loadcell on Wire 
  

in, Oraer -to ial the accuracy of the derivation of total 

drawing load from the die loads, it was necessary to measure 

directly the load in the drawn wire. This was achieved by 

bonding two foil gauges, resistance 100 ohms, along the oe of 

the wire, and diametrically opposed, in the manner described 

above. Two similar gauges were bonded to a length of previously 

drawn wire in an unstressed condition. These four gauges were 

interconnected in the manner shown in figure 18, producing a 

wheatstone bridge with compensation for both bending of the wire 

and temperature. Due to the greater strains experienced by the
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drawn wire a reduced voltage was required for this bridge. 

This was provided by a variable d.c..supply, which was set 

to give a convenient deflection of the galvanometer under 

test’ conditions. 

Bo4- pice? Amplifiers 
  

In order to obtain a flat frequency response in the 

recording equipment for the range O-100 Hz. investigated, it 

waS necessary to use galvanometers with a high natural 

frequency, and therefore low sensitivity. It was thus 

necessary to amplify the output of the bridges in order to 

obtain Purpaciend deflection on the galvanometers. For this 

purpose, a two-stage differential d.c. amplifier had been 

designed for use in the previous investigation, and this type 

of amplifier was used in this investigation also (figure 19). 

The amplifiers were designed to operate with a 300 ohm 

bridge, using the same 24v supply as employed in the bridges. 

A balancing network was incorporated in the input of the 

amplifier using a variable resistance of 2000 ohms, thus 

eliminating the necessity to balance the bridge itself, and 

also providing some means of drift compensation. The overall 

gain of the amplifier was primarily dictated by the value of 

feedback resistance employed. With a 300 ohm bridge, a 

feedback resistance of 4.7 x 10° ohms produced a gain of 

approximately 100. In order to minimise zero drift, produced 

by either a small change in supply voltage, or temperature 

variations, the components in each stage were carefully 

matched, and the transistors in each stage were placed in 

a double heat sink. Furthermore, the design of the 

amplifier was such that the drifts caused by each transistor 

in a stage were self-cancelling. In order to produce 

a fla frequency response in the galvanometers,
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a capacitance was inserted across bh input to the amplifier, 

thus matching the frequency response of the amplifier to one 

galvanometer. The necessary value of capacitance was derived 

experimentally and is detailed later. 

Preliminary testing of these amplifiers revealed that 

the gain of the amplifier used for loadcell 2 was low. This 

was the result of using a 480 ohm bridge in an amplifier 

designed to work with a 300 ohm bridge. To compensate for this, 

the gain of the amplifier was inepe seed by changing the feedback 

resistances from 4.7 x 10° Ohms “to-6 -3 x 107 ohms. 

  

B35 Die and drum amplitude measurement 

The iWeN tn taneous displacements of the dies were 

measured using linear seismic mass velocity transducers mounted 

on the end face of the die holders. The signals generated by 

these transducers, which is proportional to the instantaneous 

velocity, were fed into individual vibration meters, the 

impedances of which were matched to the transducers. These 

units incorporated amplification and integration facilities, 

such that the meter deflection could register the peak to 

peak velocity or displacement amplitude. An output socket on 

the instrument provided a signal proportional to the instant- 

aneous velocity or displacement, suitable for displaying on 

an oscilloscope. 

The periodic rotary displacement of the drum was measured 

using a torsional seismic mass velocity transducer, 

(Torsiagraph) mounted on the free end of the drum. The signal 

generated from this was fed into the second input channel of 

the vibration meter 1, and processed in the same way. The 

meter deflection in this case registered the zero to peak 

amplitude of displacement or velocity.
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The full specification for these items is given in 

Appendix 3. 

B36 Recording Equipment 
  

The outputs of the three bridge amplifiers and the 

vibration meter oscilloscope sockets were fed into a junction 

box. The signals from the bridge amplifiers passed cheence 

the junction box and onto their respective galvanometers in 

the ultraviolet recorder, via individual switches. The 

purpose of the junction box was to select from the five inputs 

combinations of two of these for display on the oscilloscope. 

The possible selections were:- | 

Any combination of two bridge signals. 

The outputs of both vibration meters. 

The output of vibration meter 1 with any bridge 

signal. 

‘The aim of this facility was to provide an immediate 

display of the bridge signal waveforms, to set the correct © 

phase relationship between the die oscillations, and to 

observe the phase relationships between the die oscillations 

and the various loads measured. The purpose of the switches 

in the ultraviolet recorder circuit was to identify each 

trace, 

The oscilloscope was fitted with two vertical displacement 

amplifiers (yl and Y2) and one horizontal displacement 

amplifier (X), all of which would accept external signals. 

Thus, by inserting one output of the junection box into yl and 

the other into both Y2 and X, it was possible to have both 

Signals displayed as time varying quantities, or one variable 

displayed as a function of the other. This latter facility 

provided an easy means of accurately setting the vibrations of
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the dies in anti-phase. Since the alignment of one velocity 

transducer was in the reverse direction to the other, the 

signals from the vibration meters were in phase, when the 

dies oscillated in anti-phase. This resulted in a straight 

line of positive slope displayed upon the screen. Thus, to 

set the phase relationship between the dies it was simply 

necessary to adjust the phase shifting adaptor until such a 

figure was obtained. 

All leads used in the transmission of transducer signals 

were carefully screened to nicinee noise, and gold plated 

plugs were used wherever possible to reduce contact resistance. 

By these techniques the level of electrical noise on the 

recordings taken was undetectable, 

A circuit diagram of the whole transducer system is 

shown in figure 20, and specifications of the ultraviolet 

recorder are given in Appendix 3. 

B37 Measurement of Drawing Speed 

A facility for measuring drawing speed was available from 

the previous investigation. Measurement was achieved by a 

determination of the period of time for the worm shaft driving 

the bull block drum shaft to turn through one quarter of a 

revolution, this period was recorded on a digital counter, 

details of which are given in Appendix 3. The counter was 

triggered in the following manner:- 

Two circular cam plates were attached to the free end 

of the worm shaft, each with two diametrically opposed 

circular projections. The plates were attached such that the 

projections were 90° apart. These cams operated two micro- 

switches, which activated the digital counter. When the cam
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closed the micro-switch in circuit &. dei gare 21) an electrical 

pulse flowed in the circuit, putting the counter in the operate 

mode. The instrument then counted the number of pulses 

supplied by an external oscillator. Counting was arrested by 

the closure of the microswitch in circuit A. The instrument 

displayed the total count for a short period, and then 

automatically reset, ready for the next measurement cycle. 

The frequency of the Seteplat oscillator was set such that the 

reading on the counter was equal to the reciprocal of the 

drawing speed in ft/min. The setting of this frequency is 

detailed in Appendix 4.
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' B4: Calibration of instrumentation 
  

B41 <9, Ota tre calibration of doadeells 
  

Both loadcells were calibrated. in tension using a 

Denison dead-weight testing machine. In order that the load 

could be applied to the loadcells, two mild steel adaptors had 

been manufactured for use in the previous investigation, 

Both terminated in a flat tongue which could be gripped in 

the jaws of the testing machine, one being bolted onto the 

dieholder mounting flange, and one screwed into the female 

thread for attachment to the vibrator ram. 

The amplifiers were allowed to warm up and stabilise 

for one hour prior to each test. The load was applied in 

increments of 200 lbf.-up to.a maximum of 2000 Ibf., and 

reduced in a similar manner to zero, At each load increment a 

a record was taken of the galvanometer deflection. Several 

such tests were performed to check the repeatability of the 

measuring system. Typical calibration curves for both load 

cells are shown in Appendix 5. 

When in use, loadcell 1 experienced a compressive load. 

However, it was considered acceptable to calibrate under 

tension, since the maximum strains were low (0.02%), and the 

equipment for testing under tension was more readily available. 

B42 Static calibration of torquecell 
  

Again, this was achieved using equipment already available 

from the previous investigation. The torque was applied by 

dead weights suspended on the end of a 24 in. torque arm 

mounted on the free end of the drum. To prevent rotation of 

the drum during loading, the drive pinion to the drum was 

locked in position with the torque arm horizontal. 

After allowing sufficient time for the amplifiers to
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stabilise, the loads were applied in.increments of 100 lbf., 

up to a maximum of 800 lbf. This was equivalent to a torque 

Of 1600, 20f £0, or a drawing. load 6f 2120 1bf;: The loads 

were decreased to zero in a similar manner. For each load 

increment a record was taken of the galvanometer deflection. 

Initial calibration curves revealed an unacceptably high 

hysteresis loop, considered to be due to friction in the drum 

bearings, In an effort to overcome this, an extra load was 

applied manually after each load change, and then removed 

gradually. Thus the torquecell always approached the load from 

the same direction. This technique considerably reduced the 

hysteresis in the calibration curves. Several such calibration 

tests were conducted, and the mean taken to further reduce 

these effects. At this time-it was still planned to employ 

the torquecell, since it was hoped that the induced oscillations 

of the drum would serve to reduce the magnitude of the friction 

drag on the drum under test conditions to an acceptable level. 

The torque applied during these calibration tests was in 

the opposite sense to that experienced during drawing, the 

geometry of the machine prohibiting the application of torque 

in the correct sense. However, this was considered acceptable 

Since the strains experienced by the torquecell were small. 

This method of calibration applied both torsion and 

bending to the drum. However, the direct load on the drum 

was taken by the drum bearings, relieving the drive shaft of 

any bending stresses. Furthermore, the torquecell was 

constructed to compensate for bending stresses, 

A typical calibration curve for the torquecell is given 

in Appendix 5. 

  

B43 Dynamic calibration of loadcells
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The purpose of these tests was a determine the requisite 

input network to each amplifier to produce a flat frequency 

response of the amplifier/galvanometer system in the range 

O - 200 Hz. This was achieved by applying an alternating 

voltage of variable frequency to the input of the amplifier, 

and recording the qavincne ees peak to peak deflection. A 

diagram of the circuit is shown in figure 22. In order to 

reproduce the output tapedah we of the bridge circuit, 

represented by the oscillator, a BOG of half the bridge 

resistance was placed in series with the oscillator in both 

leads to the amplifier. 

The input pervdr eben ui terete for each amplifier - 

galvanometer unit was determined by trial and error. The 

amplifier was allowed to stabilise over one hour, and the 

amplifier output balanced to zero. The oscillator was 

switchec on, and a record taken of the galvanometer oscillations 

for ee frequency increments in the range 1.5 - 200 Hz. The 

applied voltage was held constant for each test using the 

integral voltmeter of the oscillator, which previously had 

been calibrated. These tests were repeated for various 

capacitances placed across the input terminals of the amplifier, 

until a flat response (+2%) was obtained in the whole range of 

frequencies. A check was made using fine increments of 20 Hz. 

over the whole range, to ensure that the tolerance of 2% was 

not exceeded. This procedure was repeated for all three 

amplifier/galvanometer units. Figure 23 shows the type of 

input network which was adopted for each unit. 

To ensure that there was no phase shift in the amplifier/ 

galvanometer System, the input signal to the amplifier also 

was fed to a second galvanometer with a natural frequency of
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1000 Hz. | Comparison of the phases of the two galvanometer 

traces revealed a phase lag of less than 2° at the highest 

frequency. 

B44: Calibration of vibration measuring equipment 

Both linear velocity transducers and the Torsiograph 

were supplied with calibration charts. In the previous 

investigation the Torsiograph and velocity transducer 1 were 

recalibrated, and found to be accurate within the stated 

tolerances. It was therefore decided to accept the calibration 

data as supplied. 

In order that a permanent record could be made of the 

die or drum displacement, the low impedance output of a 

vibration meter was fed to a galvanometer in the ultra-violet 

recorder. The connection to the vibration meter was via a 

coaxial plug, which could be quickly transferred to the other 

meter, thus providing the facility for recording any of the 

velocity transducer outputs. 

B45: Measurement of referred inertia of die/loadcell assembly 

As had been shown in the previous investigation, the 

inertia of the die, die holder, and loadcell resulted in a 

cyclic force in the loadcell when the die was oscillated. 

The effective mass of these elements was measured in the 

following manner: 

The loadcell, die, and dieholder were assembled on the 

vibrator ram, and the vibrator oscillated at various frequencies 

and amplitudes, readings being taken of the forces induced in 

the loadcell. Considerable distortion of the loadcell signal 

was observed, especially at the higher frequencies. This was 

thought to be due to the natural oscillations of the complete
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assembly, since there was a distinct periodicity in the 

distortion, To check this, the dieholder was struck with 

a soft hammer, and the resulting force induced in the 

loadcell recorded. “The Eeequency Of. oscillation Gf this 

force was found to be approximately equal to the frequency 

of distortion. 

To overcome this, the area under a half-period of 

these traces was measured using a planimeter, and the 

pee lacude of an equivalent sine wave computed. The 

amplitude of this force was related to the acceleration 

amplitude of the die, computed from the die displacement 

and frequency. From this an effective mass for the system 

was obtained for each amplitude and frequency, and a mean 

taken. The effective mass of die assembly 1 was found to 

he 21.4 lb., and that of die assembly 2 13.8 lb., these 

figures being in close agreement with those obtained in the 

previous investigation. 

B46: Moment of inertia of drum ~ 
  

In order to calculate from the torquecell signal the 

load applied to the drum, it was found necessary in 

Winsper's investigation to take account of the inertia force 

due to drum oscil lations. To achieve this, the moment of 

inertia of the drum was measured experimentally by a 

trifiliar suspension technique. The value of the moment of 

inertia obtained, 53.77 lbf in. = was adopted in this 

investigation.
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B5: Experimental Procedure 
  

B51.Non-oscillatory Drawing Tests 
  

Prior to the main series of oscillatory tests, wire 

was drawn without die oscillation to determine the 

correlation between the die loads and the drum torque, and 

to obtain a value for the back pull factor of die l. 

Prior to the tests, the amplifiers were switched on and 

allowed to stabilise for one hour. A coil of wire was placed 

on the decoiler and a length was swaged to a diameter less 

than that of die 1. The wire was threaded through the two 

dies, which were at their maximum separation, and gripped in 

the drawing jaws of the bull block. ‘The lubricant baths were 

filled with dry soap and the vibrators switched on to shake 

down the soap to the die orifices. The lubricant baths were 

refilled with dry soap. Prior to balancing the amplifier 

outputs, the drum was rotated in the drawing direction a short 

distance to ensure that the static friction torque in the drum 

bearings was in the Secceee sense for drawing. Also the wire 

was checked for slackness, so that no load was on the drum or 

the dies. 

The compressors for the vibrators wer switched on and 

the actuator rams centralised. This was done to ensure that 

the drawing load was carried by the oil pressure, and not the 

oil seals of the actuator ram. A short length of wire was 

drawn at 2 ft/min, and a record taken of the die loads and 

drum torque. After drawing was stopped the drum was reversed 

a short distance, and then rotated a short distance in the 

drawing direction. Die 2 was moved forward a small distance 

by means of the centralising control. This was done to
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release all loads in the system, and to set the friction 

torque on the drum in the required sense. A record was 

taken of the loadcell and torquecell aa te enieecer deflections 

to ensure that no drifting of the amplifier balance had 

occurred. : 

The ingoing wire to die 2 was cut and drawing recommenced, 

and records taken of the loads experienced. After a brief 

period the end of the wire passed through the orifice of 

die 2, and the load in the wire between the dies released. 

This caused a sudden increase in the load in die 1, anda 

drop in the drawing torque. Recordings were made of these 

new load levels, until the wire was completely drawn. The 

drum was stopped and the balance of each amplifier recorded, 

Several such tests were conducted. Measurements were 

taken of the galvanometer deflections for both situations at 

random points along the trace. The results of a typical test 

are shown in table 24(a). 

The back pull factor was calculated from the following 

equation, the derivation of which is given in Appendix 6, 

ie a 8 
the symbols being defined in figure a0. The back pull factor 

C, has been shown by Sachs (106) to be theoretically a function 

of reduction of area, die geometry, and the coefficient of 

friction only, and therefore constant for a given pass. 

Experimental verificatioon of this has been provided by 

(107 ) 
Baron and Thompsen , for example. Therefore, it was 

considered that the back pull factor could be considered 

constant for all values of back tension, and could be 

determined using one value of back tension only.
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From the results of these tests the following observations 

were made. | | 

The correlation between loadcell and torquecell loads 

was found to be poor. The load felt by the torquecell was 

consistently 8% to 10% higher than the sume of the die loads. 

Since during calibration the measuring systems were found to 

be repeatable and free from faults, and under test conditions 

they returned to their balanced settings, a fault in the meas- 

uring systems was discounted. It was therefore concluded that 

there must be an extra load on the system not accounted for. 

The back tension applied by the decoiler was dismissed since 

the bearings were checked and found to be free running. 

Similarly the bending moment necessary to coil the wire round 

the drum was dismissed due to its low magnitude in relation 

to the discrepancy. It was therefore concluded that the 

dynamic friction in the drum bearings was the source of the 

extra applied force. To check this, the drum was rotated in 

the drawing direction without an applied load and a recording 

made of the friction torque. This was found to be equivalent 

to an average force of 40.2 lbf tangential to the drum surface. 

It was therefore concluded that in the loaded condition, the 

friction torque was most likely the source of the error in 

the load correlations. It was therefore decided not to use 

the torquecell in the non-oscillatory tests. 

It was also noted that there was a variation of up to 

+103 in the die loads recorded. Since the surface condition 

in the undrawn wire was not uniform, having sections with a 

phosphate coat and sections which were uncovered and rusty, 

it was considered that variations in the friction conditions
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were a contributary Factor in the fluctuating drawing loads. 

The wire was therefore returned to the manufacturers for a 

fresh phosphate coat to be applied.. 

When the wire was returned with a uniform phosphate 

coating, a similar dvaedag test was performed, the results of 

which are given in table 24(b). It was noted from these 

results eat the friction conditions had been improved 

considerably, as evidenced by a fall in the drawing load in 

the intial die of approximately 7%, and a reduction in the 

back pull factor of 24%, However, no detectable improvement 

in the variation of drawing load was observed. It was 

therefore concluded that these variations were due to 

inconsistencies in the properties of the undrawn wire, and it 

was therefore decided to accept them. 

During the subsequent test with die oscillations it was 

found that a considerable build-up and compaction of the soap 

lubricant had occurred in the interior of the vibrator ram, 

and the lubricant at the die orifice had fused. It was thought 

that this was evidence of the establishment of hydrodynamic 

lubrication, since the vibrator ram acted as a Christopherson 

tube building up high lubricant ' pressures at the die inlet 

and thus dragging a thick lubricant film into the deformation 

zone. In order to maintain consistent lubrication conditions 

during the investigation, this build-up of lubricant was 

periodically removed. However, to test the effect of this, at 

the end of the investigations when the lubricant had built up 

to some degree, a second non-oscillatory test was performed. 

The results of this test are given in table 24(c). A small 

decrease in drawing loads and back pull factor was observed, 

consistent with an improvement in friction conditions. Average



Drawing speed 2 ft,/ min. 
  

  

      

Load at Load at Load at Sum of Die Back pull 

Die 2, (L2),|Die 1. (L1).| Drum, (T). /loads, KL).| factor. 

ABE lbf. lbf, lbf. Cc. 

654 445 1159 1099 0.601 

690 431 1205 1121 0.590 

665 431 1172 1096 0,613 

654 445 1472 1099 0.601 

654 445 1188 1099 BOL 

Average values, 

663 449 1179 1103 0,691             
Load in die 1 without back tension; (L415). 

Average. Li) 838 lbf. 

aN 

Maximum, Li, 861 lbf. 
Vv 

Minimum, Ll) 

0 

806 lbf. 

Non-oscillatory drawing tests: Initial series, Figure 24(a), 
  

Drawins speed 2 ft./ min, 
  

  
  

    

665 403 - 1068 0.457 

581i 445 - 1026 0.459 

629 417 - 1046 0.463 

605 445 i 1050 0,442 

629 431 ~ 1060 0.447 

641 417 ~ 1058 0.460 

605 431 = 1036 0,464 

Average values, 

625 425 ~ 1051 0.456             
“~ Vv 

Lip (average) = 712 1bf; Li, = 750 1bf; Li) = 681 1bf, 
0 

Non-oscillatory tests: After new phosphate coat. Figure 24(b), 

 



Drawing speed 2 ft./ min. — 
  

  

  

  

Leer(Tbt}.<| Li. (bt), Feb. be e, 

605 417 1022 0.436 

593 417 1010 0.446 

635 403 1038 0.438 

630 410 1040 0.430 

617 417 1034 0.4238 

630 396 1026 0.452 

617 403 1020 0.450 

‘Avexank values, 

618 409 1027 0.440             

Vv 
9 = 895 lbt; Li, = 674 lbf, 

Non-oscillatory tests: With compacted lubricant. Figure 24(c). 

“»~ 

11) (average) = 681 lbf; La 

  

Averaged values from last two series: 

L2 = 621 1bf. 

Li = 415 1bf, 

€L = 1039 1bf, 

C = 0,448,



  

  

  

    

L2, (1bf). | Li, (ibe). | £1, (ibe), C, 

556 389 945 0,404 

550 382 932 0.421 

556 382 938 0.417 

556 382 938 0.417 

539 389 928 0.404 

550 382 932 0,421 

556 382 938 0.417 

550 382 932 0,421 

562 375 937 0.425 

556 389 945 0,404 

Average values, 

383 553 936 0.415           

Lip (average) = 614 lbf. Li, = 625 1bf, Li) = 598 lbf. 0 

Non-oscillatory tests: 5 ft./ min. Figure 24(d). 
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values of loads and back pull factor were taken from the two 

tests in order that the values were most representative of 

all lubrication conditions. 

A similar series of test were conducted for a drawing 

speed of 5 ft/min, the results of which are given in table 

20(d). A further decrease in die loads and back pull factor 

was observed here, which was again attributed to enhanced 

friction conditions, resulting from the increased strain 

bace Of the. Lubricant. fim. 

During the non-oscillatory tests it became apparent that 

it was not possible to maintain the drawing speed constant 

at 2 ft/min. Consequently, this figure is merely nominal 

(10%). This inaccuracy was thought to be due to setting 

the reduction in the variable speed drive to below its rated 

range. This problem was not so severe at 5 ft/min drawing 

speed. 

B52 Oscillatory drawing tests 
  

Before fhe commencement of .each oscillatory test the 

loadcell amplifiers and electronic equipment were switched on 

and allowed to stabilise for one hour. At the end of this 

period the outputs of the loadcell amplifiers were balanced 

with the loadcells in the unloaded state, and the torquecell 

feeling the static friction torque set up by rotating the drum 

a short distance in the drawing direction. 

The hydraulic compressors were switched on, and the 

vibrator rams centralised. The frequency of oscillation was 

selected on the oscillator, and the vibrators switched on. 

The requisite amplitude was set for each vibrator, and using 

the oscilloscope, the phase angle between the vibrators was 

set at 180°, ‘in the manner described previously. 

The vibrators were switched off, the balance of the
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amplifiers checked, and a record taken of the unloaded 

galvanometer deflections. A short length of wire was drawn 

under non-oscillatory conditions, and a record taken of the 

new galvanometer deflections. With drawing still proceding, 

the vibrators were again switched on and adjustments made to 

the amplitude, phase, and drawing speed, where necessary. 

(With high amplitudes of oscillation the reduction in drawing 

load caused an increase in the drawing speed, which was 

corrected.) A record was taken of the load cell, torquecell, 

and torsional amplitude signals. At the end of each test 

the load and torquecells were checked in the unloaded state 

to ensure that no change in the amplifier balance has occurred. 

In the early stages of these tests it became apparent that 

the force variation in the final drawn wire obtained from the 

torquecell was unacceptable, since it was consistently higher 

than:that obtained from the sum of the die loads. This error 

was attributed to friction in the drum bearings. Consequently, 

use of the torquecell was discontinued for the remainder of the 

tests. In order to check the derivation of the force in the 

drawn wire, it was therefore necessary to mount a strain gauge 

bridge on the wire itself. This was done at selected 

frequencies and amplitudes. 

The signal from this bridge was calibrated using the 

die loadcell signals. With the wire in the unloaded state, 

the amplifier outputs were balanced and a record taken of the 

galvanometer null positions, a short length of wire was drawn 

and a record taken of the new galvanometer deflections. The 

loadcell was released and the amplifier balance checked. From 

the die loadcell signals, the force in the drawn wire was 

computed. A calibration coefficient for the bridge on the
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wire was obtained by dividing the computed load by the 

galvanometer deflection, The assumption that the calibration 

curve for this bridge was a straight line, was checked in the 

following manner. After a length of wire had been drawn as 

described above, the recorder was left running, and the load 

in the wire was gradually released by moving the dies slowly 

in the Earp of the drum, In this way a calibration curve 

was constructed for a range of loads up to the total drawing 

load. It was found that as expected the calibration curve for 

the bridge was linear. 

Once calibrated, the bridge was used under oscillatory 

conditions to record the fluctuating total drawing load 

directly. 

B53 Analysis of loadcell and torquecell signals 
  

.A result of the high inertia forces generated when the 

dies and drum were set into oscillation was that the forces 

detected at the loadcells and torquecells were not those 

applied by the wire alone, but the vector sum of the applied 

loads and inertia forces. Therefore it was necessary to 

calculate the latter component of force, and subtract 

vectorially from the observed value. 

Computation of the inertia force felt by the loadcells 

was achieved using the effective mass of the die assembly, 

which was determined experimentally, in the equation:- 

It Inertia force amplitude effective mass x 

acceleration 
‘ 

= mx 

In using the experimental value of effective mass, it 

was assumed that the relative amplitudes of each particle in
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the die assembly were identical in the drawing situation, 

and in the test conditions when the effective mass was 

determined. However, in the drawing situation, a further 

cyclic load is applied to the assembly by the wire. This 

will result in a second component of cyclic tuner ing of 

the assembly, producing a different distribution of particle 

amplitude, and hence a different effective mass. However, 

it was considered that the assembly was sufficiently stiff 

to ensure that any change in amplitude along the length of 

the assembly, and resulting from elastic strain, would be 

minimal. | 

The phase relationship between the die motion, (and 

hence acceleration), and the induced die load was checked 

at several amplitudes and frequencies. In cases it was 

found that the die load was at a peak when the die was at 

the furthest position from the drum. Hence to obtain the 

load in the die applied to the wire, the inertia force 

amplitude was added to the maximum die load, and subtracted 

from the minimum die load, 

‘ lay) 

The cyclic force in the drawn wire, F, was determined 

from the equation of oscillatory motion for the drum: 

‘ ‘ na 
62+. CO + st2-—.— ER 

6 here is considered positive in the direction of drawing. 

Since the drum motion was sinusoidal, the equation was 

transformed to relate the amplitudes of force and rotational 

displacement. 

Se = tae + joo = = 

The first term in this equation represents the amplitude of 

torque measured at the torque cell, the second the amplitude 

of inertia torque, the third the amplitude of damping torque,
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and final term the amplitude of copeue applied to the drum by 

the wire. An initial calculation showed that the damping 

torque was insignificant and therefore was not included. 

Thus the torque amplitude in the drawn wire was taken to be 

the difference between the observed torque amplitude and 

the computed inertia torque amplitude.



Bé: Results of Oscillatory Tests
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B6: Results of Oscillatory Tests 

The experimental data obtained from the oscillatory 

tests are presented in graphical and tabular form at the 

end of this section. 

The initial series was conducted with the dies separated 

by a maximum distance of 18 in., with both dies oscillating 

in anti-phase with the same amplitude and frequency. Graphs 

1 to 4 relate to this series, showing the effect of increasing 

die amplitude, up to did separation from the wire, on the 

maximum and minimum die loads, and the computed total drawing 

forces They corresponded to oscillation frequencies of 40, 

60, 80, and 100 Hz respectively. The continuous curves refer 

to results obtained at 2 ft/min drawing speed whilst the 

broken curves in graphs 2 to 4 correspond to a drawing speed 

Of, 5 £e/ming 

The results of a similar series of tests, but with the 

dies at their minimum separation of 10 in., are shown in 

graphs 5 to 8. These similarly correspond to oscillation 

frequencies of 40, 60, 80 and 100 Hz respectively. The 

drawing speed in this and subsequent tests was 2 ft/min. 

To investigate the effects of oscillating one die only, 

two tests “are conducted at a frequency of 60 Hz and a die 

separation of 10 in. Graph 9 shows the effect of increasing 

amplitude up to die separation from the wire when die 1 only 

is oscillated. Graph 10 shows the effect of increasing 

amplitude when die 2 only is oscillated. 

Finally, a test was conducted at a frequency of 60 Hz and 

die amplitudes of 5 x 10s ins peak to peak, to investigate 

the effects of varying the separation between the two dies.
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Graph ll shows the maximum and minimum forees observed when the 

die separation was varied from 18 in to 8 in. 

The results of the tests incorporating a strain gauge 

bridge bonded directly onto the drawn wire and conducted to 

check the validity of the derivation of the total drawing force, 

are presented at the end of the tabulated results. 

The subsequent graphs in this section were constructed 

from the data obtained from the above mentioned tests. 

The relationship between back tension and die load at the 

instant of drawing in die 1 is shown in graphs 12 to 14. The 

instant of drawing corresponds to the condition when the back 

tension is minimum and the die load maximum. The continuous 

lines on these graphs represent the relationship between back 

tension and die load for steady state drawing, assuming a constant 

back pull factor. Graphs 12 and 13 relate to die separations of 

18 in and 10 in respectively. Graph 14 shows this relationship 

for one die oscillating only, and for a variable separation of 

the two dies. 

The magnitudes of the cyclic components of die loads and 

total drawing loads are shown in graphs 15 and 16. They 

correspond to 18 in. and 10 in. die separation respectively, with 

frequencies of oscillation of 40, 60, 80. and 1002Hz. 

The effects of amplitude and frequency on the maximum 

total drawing force are shown in graph 17. 

Finally, the effects of amplitude, stiffness of wire between 

dies, and frequency on the magnitude of the cyclic component or 

force in the wire between the dies, is shown in graph 18.
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ait “A Vv AN Vv F 

me Lt Lt L2 L2 fi, £1, : 
in.x10 

p.t.p. (int) -F- Gut) | (bt) 4. (bz) | (int) (fF (ine) 

Frequency 40 Hz. Speed 2 ft/min. 18 in. die separation, 

Both dies oscillating, 

3 503 323 657 493 996 980 

4. 563 271 659 407 970 930 

5 620 227 660 333 958 887 

6 621 170 672 307 928 842 

7 659 99 685 246 898 184 

8 694 69 699 173 867 768 

9 725 40 688 123 848 728 

Frequency 60 Hz, 

2 480 312 6838 551 10314 995 

3 547 286 673 488 1035 959 

4: 557 220 699 450 1007 919 

5 610 175 697 362 972 872 

6 643 87 691 287 930 778 

7 695 55 708 224 919 763 

Frequency 80 Hz, 

2 494. 306 © 699 566 1060 1005 

3 556 271 692 470 1026 963 

4 598 194 683 393 991 863 

5 619 118 701 352 971 819 

6 682 41 714 263 945 752 

Frequency 100Hz. 

ay 493 293 634 506 999 927 

3 545 234 674 439 984 908 

4 568 168 705. 395 963 873 

5 605 417 713 318 923 830 

6 659 78 696 230 889 TT4             
   



  

              

  

  

  

              

  

            
  

  

A A Vv A Vv 

mpl a Ld Ld L2 Le éL, 1. 
in.x10 

p.t.p. (1bf) (1vf) (1bf ) (1bf) (ibf) (1bf ) 

Frequency 40 Hz. Speed 2 ft/min. 10 in, die separation. 

Both dies oscillating, 

3 554 259 753 481 1035 1012 

4 632 201 731 322 954 932 

5 689 158 707 212 901 865 

6 720 Te 733 150 870 805 

7 770 9 734. 65 835 743 

8 750 —28 736 2 752 708 

Frequency 60 Hz. 

2 549 290 635 407 956 925 

3 568 183 716 343 911 899 

4 627 102 694 220 847 796 

5 686 8 727 156 842 735 

6 747 -10 729 82 829 T19 

Frequency 80 Hz. 

2 535 181 674 378 913 855 

3 606 90 715 318 924 805 

4 661 42 683 164 825 725 

5 715 —35 677 50 765 642 

Frequency 100 Hz, 

2 555 216 655 361 916 871 

3 610 116 675 257 869 791 

4 672 64 668 147 819 732 

705 —22 736 110 815 714                  



  

              

  

  

  

              

    

Ainpts <1. D: ' hs mpl. 1 1 L2 L2 Si, Guna 

in.x10 

pet.p. (1bf) (1pf) (1bf) (1bf) (1bf) (1bf) 

Frequency 60 Ilz. Speed 5 ft/min, 18 in, die separation. 

Both dies oscillating. 

2 423 328 625 557 970 955 

3 429 310 625 522 951 935 

4 426 269 651 522 948 920 

5 455 248 649 485 934 896 

6 459 190 685 470 929 882 

7 504. 162 672 397 901 834 

Frequency 80 Ilz, 

2 414 - 299 680 592 1005 979 

3 449 290 655 533 982 945 

4 468 ait 659 483 950 887 

5 480 168 664 425 905 833 

6 516 118 671 371 887 789 

7 555 62 676 313 868 738 

Frequency 100 Hz, 

2 439 293 662 552 991 954 

3 483 24.2 672 513 996 924 

4 505 186 691 462 967 876 

5 557 137 679 379 935 816 

6 584: 45 675 307 891 719                



  

Ampl. 

in-¥16 

PebePe   (1bf)   

N 
Li 

(1bf)   

A 
L2 

(1bf)   

V 
L2 

(1p?)   
a 
(1bf )   

eae 

(1bf) 
  

Frequency 60 Hz, Speed 2 ft/min. 10 in, die separation. 

Die 1 only oscillating, 
  

            

  

                

  

2 473 340 665 580 1053 1005 

4 503 234 659 484. 987 893 

6 565 178 679 424 989 857 

8 624 108 653 296 917 761 

10 664 ink t 665 242 906 654 

Die 2 only oscillating. 

2 465 361 646 527 992 1001 

4 507 306 651 438 945 954 

6 556 278 674. 372 928 952 

8 590 208 685 270 860 893 

10 640 195 678 193 833 873 

42 680 132 683 115 795 815 

14 714 94 701 31 145 795 

Die Ld Ld L2 L2 Sh, Si 
sep . 

in. (1bf) (1bf) (1pf) (1bf ) (1bf) (1b2)               

Frequency 60 Hz. Speed 2 ft/min. Amplitude 5x10 in, Pelee 

Both dies oscillating, 
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Ampl. 

in.x1i0 

A Vv n nf 
Li Li L2 L2 

Detep. | (bt) | (ave) | (ape } (ape)           
gh, 

(1bf)   
Cha 

(1bf) 
  

  

            

  

            

  

            

  

            

  

            

  

Frequency 40 Hz. Speed 2 ft/min, 18 in, die separation, 

Both dies oscillating, 

5 649 186 662, |< 212 861 748 
from bridge 824 738 

5 648 213 671 | 296 944. 884 

from bridge 941 856 

Frequency 100 Iz. Speed 2 ft/min, 18 in. die separation. 

Both dies oscillating, 

5 605 SO 09 | 403 1008 899 
from bridge 1000 856 

Frequency 40 Hz, Speed 2 ft/min, 10 in, die separation. 

Both dies oscillating, 

5 634 144 731 | 266 900 875 
from bridge 949 881 

Frequency 60 Hz. Speed 2 ft/min. 10 in. die separation, 

Both dies oscillating, 

5 652 36 745 241 893 781 

from bridge 835 738 

Frequency 80 Hz, Speed 2 ft/min. 10 in, die separation, 

Both dies oscillating, 

5 736 11 Tis | 194 870 724 
from bridge 857 716 

Frequency 100 Hz. Speed 2 ft/min, 10 in. die separation, 

Both dies oscillating, 

5. 682 6 730 | 159 844 736 
from bridge 809 724. 
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B7: Investigations into the Mechanics of Oscillatory Drawing 
  

Tntroduction 

Whilst the mechanism of load reduction described in 

section Bl was proved experimentally, the above theory did not 

predict the levels of stress variation induced in the wire, and 

therefore no prediction of overall drawing force reduction 

could be achieved. It was therefore decided to conduct a 

thorough investigation into the basic mechanics of oscillatory 

drawing, so that such predictions of behaviour could be made. 

Preliminary theoretical investigation of tandem drawing proved 

unsuccessful, and it was therefore decided to initiate this 

investigation with a study of the less complex process of single 

die drawing with axial die oscillations. 

B71 Single die drawing with oscillations 
  

The object of this investigation was to develop a theory 

relating to the mechanics of the process, which would correlate 

with experimentally obtained data. The simple theory used 

initially, (B71(a)), was that developed by Winsper and Sansome, 

and modified for application to low frequencies. 

This proved inadequate, especially near the natural 

frequency of the bull block drum, where the force variation 

induced in the tag received a sudden rise in magnitude, when the 

applied frequency exceeded the natural frequency of the drum. 

This was considered to be due to the change of phase of the drum 

oscillations, as the natural frequency was exceeded. It was 

therefore concluded that the theory should take into account the 

drum response to cyclic forcing, and since this forcing contained 

discontinuities within each cycle, it was further concluded that 

the analogue computor was most suited to the problem,
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Graphical representation of simple oscillatory drawing theory. 

Figure 25,
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Having obtained experimentally the natural frequency and 

damping coefficient of the bull block drum (appendices 7 and 

8), an analogue programme was weit oan based on the simple 

EhCOLY Sin section B/l(a). but imcorno pabing drum oscillation. 

Whilst these results obtained from the analogue correlated 

more Closely with experimental data, the predicted force 

variations were consistently higher than those observed. 

Prior to this it had been assumed that the drawn wire, 

upon touching the drum surface, received no further cyclic 

attatt ihe; but moved with the drum. This assumption was 

considered justified because of the friction forces set up 

between the wire and the drum. However, because of the above 

results, a theoretical study was made of the effects of cyclic 

Straining of the wire on the drum (section B71i(b)) 2. This 

theory was incorporated in the final form of the analogue 

programme. The measurement.of the coefficient of friction 

between wire and drum, necessary to implement the theory in 

section B71(b), is described in Appendix 10. 

B71l(a) Simple theoretical considerations 

Assumptions 

i- During the period when wire is being drawn, the wire 

is under a constant load, equal to the drawing load 

under non-oscillatory conditions. 

2. The velocity of the drum is constant; there are no 

periodic drum oscillations. 

3.) Once ingcontact with the drum; there is no cyclic 

straining of the drawn wire. 

4. The wire is weightless, 

Let x. = =-x COSut such that: at t = othe die is at its 
a 

most backward position (see fig. 25). Assume that at t = O 

drawing is occurring and since it is doing so at a constant



(93) 

Drawing will stop when the velocity of the die reached that 

of the wire at t = ty say, where 

X, = X_ = X3 

Te, Xwsinet, = V 

ot = sin} (v/xw) = $,. say 
a 

where O ¢ ¢ < 1/2 

Drawing is now stopped and the wire at the die will move 

with the die, whilst the wire at the drum will move with the 

drum, 

i.e. X5 = xy 

Since the die is now moving faster than the drum, this will 

cause the wire to partially off-load. If 6 is the relative 

movement of the ends of the wire after t = tie then, 

= ee 

6 = |x5_3 a x he eS or 
+ 1 

t ; 

J (Xwsinwut - v)dt 

ey 

Xcosut, 43 vty - Xcoswt - Vt 

oa
 ll 

Xcos ¢ + xe - Xcoswt - Vt (2) 

6 is a maximum when oe — Oat to tor say. 

Where aS ar O = Xsinut, - V 
2 

ase i oe a 
ese. wt. =-sin — DOW + 1 () 

. Since drawing does not generally stop at the same instant as 

starting, ot, 6



  

W/Xos: 0.00 0.10. 0,20 0,30 0.40 0.50 
  

9/2X. 1.0000 0.8475 0.7059 0.5742 044529 0,3424 
  

  

0.60 0.70 0,80 0,90 1.00 
        | 0.2436 0.1573 0.0852 0.0310 0,0000 
  

Calculation of the coupling coefficient between die and wire’. 
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= 810 1bf, R= 9.0 in, 

PB = 0,130, A = 0,01963 in’, 

1 = 12,8 in, B = 30x 10° 1bf./in’, 

X © 10x10 in. est. p, V = 4,0 ft./min, 

Frequency. ox, AF,(1bf). AF,.(1bf). 

Hz. (No slip). (With slip). 

20 0.418 : 193 149 

30 0.850 392 258 

40 1.105 509 309 

50 1.272 586 339 

60 1.380 636 358 

70°F 1.460 673 371 

80 1,532 706 382 

90 1.570 724 388 

100 1.615 745 393             

Computation of induced force variation in the drawn wire, 

based on simple theory, and simple theory with slipping of the 

wire on the drum, 

Figure 27,
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Figure 28,
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rie: pts Fn. <b (3) 

Thus § = 2Xcos¢ - v (n -26) 

ae oe : 5x = cosé - sing(> -9) (4a) 

And thus: Ar = 2 [cos¢ - sing (5 -$)] 

AEX We 2 WE sin” (a) (4b) 

The variation of function 4a is shown in figure 26. 

This function represents the efficiency of coupling between the 

die and the wire. The cyclic force amplitude given in equation 

4b is shown as a function of frequency in figure 27 and plotted 

graphically in figure 45. 

B71(b) Calculation of the Effective Stiffness of the Drawn Wire 
  

Assumptions 

1. Consecutive coils on the drum do not touch, 

2. There are no transverse oscillations induced in the 

drawn wire. 

3. There is sufficient length of wire already coiled 

(see text). 

4, The minimum force in the free length of wire is 

positive. 

5. The weight of the wire on the drum is negligible. 

Consider the equilibrium of the element shown in figure 28. 

(a) Tangential 

df cos 52+ unrde = 0 (1) 

(b) Radial 

Wad <8(2£ + as) sin? =o (2)



Distribution of axial force in the drawn wire 
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yields, combining and neglecting second order terms: 

_ = ude (3) 

Integrating: 

Ln f£ = = 10 cr Ine G@ where C 19a, constant. 

Where 6 = O take f as F 

: £10 
ree oo (4) 

=— = @ (4a) 

Consider the wire as being initially loosely coiled around 

the drum. An external load is applied to the free wire of F. 

The direction of the friction force will be positive, opposing 

the applied force. Therefore the axial force distribution in 

the wire round the drum is given by equation (4). 

“J
 

> 
h 

This distribution is shown in figure 29(a). 

v 
The externally applied load is now reduced to F. A 

section of wire will slip on the drum, and the equilibrium 

equation for this section is given by (4a). 

de. = el? (6) 

*4
<]
eh
 

Slipping occurs along the wire until such a position is 

reached where f£, as defined by (6) is equal to f, as defined 

by (5). This angular position is designated as ¢ (see figure 

29(b)). Hence for @<$¢ the force is given by (6). 

and for 6>¢ the force is given by (5). 

A 

Also: Fell? = Fe H¢ 

ox; is (7) I<
] 

>
 

i oO
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If the externally applied load, F, is cycled between F 

and F, the force distribution during the “celles is as shown 

in figures 29(c) and 29(d). 

Since during such cycling, the strain only changes in 

the range O < 6 < 4, it is only necessary to discover the 

strain in that range. The extension of the wire is considered 

relative to its position at maximum load. 

(a) Decreasing load 

The load in the wire is given by:- 

f = rel® fon ©. < 6 <0 

ue for o <6 <'¢6 

Therefore the strain in the wire relative to its maximum load 

condition, Ae is given by:- 

Kee (rel!® < pe 0) /AE far -0 5.8.6: 4 

and ex = 0 GOL "0 <3.0 <-> 

The relative extension of the wire, U, is given by:- 

U = fie ds 

where ds is an elemental length. 

a 
A 

Ak Ries -u6 
Thus U aE J (Fe Fe )Rd6 | 

i.e. 0 = [Fie”* Say om te ae » | (8) 

Now a is given by:- 

rel?-= fe Ut” 

F ey 240 ze (9)
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Therefore:- | ao ‘ 
u= [2cr.#)* 2 ee fy 

Tees 

2 
oe %5 - 

    

(b) Increasing load. 

The load in the wire is given by:- 

-10 
f = Fe fon.0.<: 2 <8 

“yd 
and fie Fe £08: 8.57 8m 

The strain in the wire relative to the maximum load condition 

is given by: 

Ae mye’ '’. = pe M9) AE for 6 « 6 < 2 

and. he = (Fel? - Fe 4°) sag HO 1B Os oom 

R 6 ee 1.8 
Therefore Uy = ie - Fye do 

AE 

° 

' ene “Eee 2 i.e. Uae (FET (e 1) 

Now 6 is given by:- 

  

or e = ace 

F 

Therefore 

— ae = Laer ies U, = cag (F - F) | (p) 1| 

Similarly: - 

> 
eR \ na ye 

Uy secs RE a Fe ) dé 

(10) 

(11)
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io aoe [Fien® A ag) (12) 

Now $¢ is given by:- 

oe ee Vv Fe ud ud 
Fe 

F 
= a AO ox ¥ =e 3 (1:3) 

R OMe vik oy 
3 ee ae ie Ne & Therefore U. TAE | 2 (FF) (FF) F (=) | Ti 

Therefore the total relative extension of the wire is given 

mye Uy + Uy = Be|2cer ~ 2 (FF) ? - (P-F)| IV 

As may be seen from equations I and IV, the relative 

extension of the wire for a given applied force is not 

the same for loading sa cinimading. To simplify the 

problem it is assumed that the relative extension is given 

by I for both unloading and loading. While this will give 

the correct value of extension at the minimum force, there 

will be an error in the extension computed for intermidiate 

increasing forces. 

- 2 
Therefore U= 5 E ~ #*] (14) 

The extension of the free length of wire will be:- 

: : 
vei [F-F (15) 

Therefore the total extension will be:- 

o- “ul U = [Fa R 
cy 5 toe TAE 2 (FF) + (1+5= le V 

The variation of extension with force is shown in
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figure 30. The force variation induced in the drawn wire, 

based on the simple theory in section B71l(a), is shown as 

a function of frequency in figure 27 and plotted graphically 

in figure 45. 

B71l(c): Development of the analogue programme 

Assumptions: - 

(1) During the period when wire is being drawn the 

wire is under a constant load, in excess of the 

non-oscillatory drawing load. 

(2) The wire is weightless. 

(3) Consecutive coils on the drum do not touch. 

(4) There are is transverse oscillations induced 

in the drawn wire. 

There is sufficient wire already coiled on the o
s
 

uw
 

~
~
 

drum to render the theory in section B71(b) 

valid. 

(6) The minimum force in the free length of wire is 

positive, 

The physical equations:- 

x) = Xusinwt - (1) 

* V + R6 - (2) 

Drawing is assumed to be occurring at t = O, where Se ae 

While drawing is occurring, since the force in the wire is 

constant, the velocity of the wire at the die is equal to 

the velocity of the drum. 

+ xX, = V + Ré ath 

Drawing will stop when the velocity of the die reaches 

the velocity of the wire.
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i.e. when Soret 
2 a) 

. ) mi AG) 

as es aot? 
) 

The rate of extension of the wire, e. is:- 

Baa O when drawing 

X5_3 = X1_3 when not drawing 

Now, from equation V, section B72(b), 

R 1 chines Lo —- ove [F(L + 3) - 2 (FF) + (1 + EP 
wine HAE R R 

In this equation, U is the total extension of the 
tot 

wire relative to its maximum load condition. Thus, if 

when drawing is occurring, x is taken to be zero in the 
2-3 

programme, — 

then U = xX 

Now, from equation V above, 

: ee 

Se ob tp? ight OF pc AB iss 
(I= a) (I - a) R(l=-a) “2-3 — 

where a = ul/R 

5 This is a quadratic in F*, the solution of which is:- 

Aa Aa 

oe kh ee eee 2 a Bae ha F? = ay Cash * ee 268 
The correct solution is obtained by considering the 

  

boundary condition when drawing is occurring: F = F and 

x =<, 
2-3 

This yields the correct solution:- 

  

a 

Rete 

The equation of motion for the drum is:- 

L 2 

Peseta A 15 4 (dog fet oe (5)



at G0: SB 
ee te ae 

£G. 

ee ie ~FR m e 2 

Gos . 2Ew, 8 Oe 6 (6) 

The intial conditions taken for the problem were that at 

t = O the die was at its most backward position relative 

to the drum and drawing was occurring. 

ee, a? en te 

ee Rh © ee 
i Se ae ae To 

n 

Roy Oe =. (9) 

The logic switching:- 

Drawing stops when the velocity of the die exceeds 

the velocity of the drum, and starts when the force in the 

wire returns to the drawing force. 

‘i.e. drawing stops when x > O 
1-3 

drawing starts when Rio goe0 

when drawing is stopped Xo_3 X43 

i oO when drawing is started Xo _3 

he act tne equations:- 

In order that the analogue computer may solve the 

problem, each mathematical operation must be expressed by 

a separate equation. This equation will define the 

function of a single amplifier in the circuit. Furthermore, 

the problem must be amplitude and time scaled, the former 

to ensure that no amplifier overloads, and the latter to 

ensure that the solution is not too rapid for the relay 

Switches employed in the logic part of the problem. The
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Electronic analogue circuit for single die oscillatory drawing, 
  

Figure 31.
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following equations have been so treated. In them, 

machine time, t, is related to real time, t, by the 

identity t= Bt. 

  

  

    

  

  

    

  

  

& sib 1% a | ay ste a th) 
xy x58 oy 

a [81 ee > S42) 
dt . x,8 ce xy 4 xy 

‘i x : . lee ate er eee are a ; x ‘ 3 ‘ X43 X13 o X13 wae 8 

£ 2 e 
< ay = %o_3 *9-3! when not drawing ~- (4) 2 - = 

, 

= Pe hn B = n oe c - (5) (l-a)B Sa (l-a) BIC 

| a i 
Eee a6 - 6) 

aL i 

a fg Se Cc CLD 

  

2. i 

0, A x ; : D oe Fo Ries) ey 2-8 = (8) 
D ss ee anne . 

RDF 53 

. - 6) aoe colek ee cutee o Tet. oe RP F {eee ie 
ae Pe ee ee A | 2 5 

; rep |F 0 ae ky 

= (10) 
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The circuit:- 

The analogue circuit adopted is shown in figure 31.



  

Values of constants, Maximum values, 

  

  

12.8 in. 20 x 107° in. 

: 80x 10° 1bf./in, 

rar
y 

ot 22 tn /e. 

p
 

: 0.01963 in”, : 24 in./s; 

      
  

  

  

  

1 : e 

E cs 

A a 

122 Bayt dbhy.iny 0. oR, et 40. 10~, in. 

w, : 238.8 rad./s, # 810 1bf. 

§ : 0.10; 0.30, ® +: &= 107° rad, 

Be? 0.130, Soe 66 rad./s. 

Re.: O90 tn: 4 + 28,42 (ape). 

«% : 0.1846, i 547056000, 

B+ 250% Dae 0.9988, 

Amplifier. Function, Output. 

1 Integrate, -|x,2,| 

2 Integrate, fz, 23} 

3 Invert, [x/8;\ 

4 Sum, -lk,_5 He 

5 Integrate, [Fo_3/*o_3| 

6 Sum, -[p/6 | 

7 Bi~stable, 

8 Square root, (c/é] 

9 Sum. [p/B oe 

10 Square, _[F/ P 

11 . Integrate, — {0/6 | 

12 Integrate, - [8/8 

13 Invert, - [2/6 }          



  

  

  

Pot. Function, Setting. 

1 x/E, Variable. 

2 x, /% 2.4000 ¢*1F ‘ 

3 wt 2,6 Variable. 

Rok 4 %,/21-3 0.5000 

5 V/x, - Variable. 

& A 6 Xo _9/Fo_5 p 2.4000 

: A 7 MAE(t ~%)X5_./ 1.0290 

ROF 

A 

8 2p 0.1023 

ALA 
9 F°C/(1 -%)B 0.7350 

AL 
11 F2/(1 -%)B 1,2250 

A 

12 RE/16P 1.0850 

13 osu /B 0.1910; 0.5731 

A 

14 w, 6/ Q 2.2810 

A 
15 0/28 0.4000 

h 

16 n6/x 528 0.1875 

A an 
17 FR/Iw 8 0.4757         

Figure 32 (cont.) 
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The relative extension in the drawn wire, X53 is generated 

by inte grating x the relative velocity of the die to 
1-3! 

the drum. When drawing is occurring, the integrator is in 

‘'reset', and in ‘operate’ when drawing is not occurring. 

This is achieved using two relay comparators, the inputs of 

which are x and x respectively. These comparators 
1-3 2-3 

energise the ‘operate’ and ‘reset’ relays on the integrator. 

The connections are such that the integrator is in 'operate' 

tix 20. OGi. fe x 20), Whilst 2tis in treset! if x 1-3 rie a 
and if X5_3<0- Thus drawing stops when the velocity of the 

die exceeds that of the drum, and starts when the force in 

the wire returns to the drawing force. To sharpen the 

switching and to eliminate relay instability a biased 'flip- 

flop' was inserted before the input to the relevant relay 

comparator. 

The estimated maximum values of the variables, the 

values of the constants, and the potentiometer and amplifier 

functions are given in figure 32, 

B71(d): The experimental investigation 
  

The wire for the . tests was previously drawn with a 

reduction of 25% to a diameter of 0.1847 in. to minimise 

surface and yield strength variations. During the tests the 

wire was given a further reduction of 26.3%. The tests were 

designed to investigate the effects of die amplitude, frequency, 

and drawing speed on the magnitude of cyclic force induced in 

the drawn wire. Before each test the drum was cleaned to 

ensure that the frictional conditions on the drum were 

representative of those in the friction measuring tests.
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Several coils were also drawn to ensure that sufficient length 

of wire lay on the drum for the theory relating to the effective 

stiffness of the wire to be valid. To this end the coils were 

carefully separated before each test, so that no force was 

exerted by one coil on the next, 

Amplitude tests: 

To investigate the effect of die amplitude, wire was 

drawn under oscillatory conditions for a range of amplitudes 

up to 20 x fo. in peak to peak, at 20 Hz., 60Hz. and 90Hz., 

anda drawing speed of 4 ft/min. Initially it was hoped to 

conduct these tests at 2 ft/min., but difficulty was found 

in maintaining this ead constant. Recordings were made of 

die amplitude and the peak to peak magnitude of the cyclic 

force in the die. 

PVrEGUuenCy stests: 

In these tests wire was drawn at 4 ft/min. with a die 

a amplitude of 10 x 10 ~ in. peak to peak, and for a range of 

frequencies, 20 Hz. up to 100 Hz. 

Speed tests: 

The effect of drawing speed was investigated by Satie 

wire with a die amplitude of 10 x et te: peak to peak and : 

e frequency of 60 Hz: Drawing speeds ranged from 4 ft/min, 

tO 320 ft/min. 

During these tests it was observed that there was a 

phase shift between the die displacement and the die load, 

especially near the natural frequency of the drum. This was 

expected since in this frequency range the drum oscillates 

90° out of phase with the die, and has its maximum amplitude. 

Thus it was not possible to merely add on the computed die



Analysis of load cell signals, 
  

  

  

AF, = Observed force Variation. 

AF. = Corrected force variation. 

I, = Inertia force, 

8, = Phase angle between die oscillations 

and observed force variation. 

Ae ea CL a A 088: 0 a AP’. ein Be 
2 2 

= AF od + 24F, I cos®, 

  

Figure 33,



  

          

  

  

          

  

          

Amplitude AF. 0/360. Inertia AF, corr. 

in, x 107 | bf. Force. 1bf, | bf. 

z.t.pk. pk.t.pk. pk.t.pk. pk.t.pk, 

= 

Frequency 20 Hz, 

5.0 67 ~ 6 73 

7.5 121 “ 8 129 

10.0 148 = it 159 

12.5 191 ~ 14 205 

15.0 224 ~ AT 241 

17.5 290 = 20 310 

“se atge 345 2 22 367 

Frequency 60 Hz, 

2 91 0.2424 20 94. 

4 163 0, 2424 41 170 

6 236 0,2239 61 253 

8 303 0.1935 81 340 

‘ 10 eI3St | 0.2154 102 421 

12 472 Oec15% 122 510 

14 545 0.1720 142 625 

16 557 O¢1212 163 684 

i8 629 0.1875 183 719 

20 629 0.1774 203 744 

  

Amplitude tests, 4.0 ft./min. 

Figure 34(a). 

 



  

  

  

  

  

Amplitude Le, 6/360 Inertia AF, corr, 

in, = 407° lbf. Force, 1bf. lbf, 

Z.t.pk. pk.t.pk, : pk.t.pk. pk.t.pk. 

Frequency 90 Hz, q 

z 97 0.9769 23 118 

4 169 0.0769 46 211 

6 266 0.0952 69 325 

8 296 0.9899 92 377 

10 351 0.0714 114 456 

12 4.23 0.0909 137 543 

14 4.54 0.0788 160 600 

16 484 0.0941 183 644 

18 502 0.1022 206 678 

20 502 0.1951 229 718             

Amplitude tests, (cont.). 
  

V = 4,0 ft./min, 

Figure 34(b),



  

  

            

Frequency, <sT;, 0/360. Inertia [AF, corr. 

Hz. lbf, Force, lbf, lbf, 

pk.t.pk, pk.t.pk. pk.t.pk. 

from 

20 131 0.0980 i1 140 

25 175 0.1250 18 188 

30 125 0.1045 27 156 

35 139 0.1300 34 164 

40 146 0.2527 45 152 

45 242 0.2805 57 238 

50 251 0.2331 71 268 

55 342 0.2286 85 363 

60 345 0.1494 102 414 

65 315 0.2149 119 360 

70 319 0.1579 138 441 

75 393 0.1923 159 473 

80 350 0.1428 181 486 

85 351 0.1360 204 509 

90 303 0.1364 229 485 

95 315 0.1429 255 514 

100 276 0.1200 281 514 

Frequency tests, Ao s oO. x 107° in, z. t. pk. 

  

V = 4.0 ft./min. 

Figure 35, 

 



  

  

  

            

Speed, LaF; 0/360, Inertia AF, corr. 

ft./min. lbf. Force, lbf. lbf. 

pk.t.pk. pk.t.pk, pk.t spk, - 

1.67 411 0.1194 102 550 

4,90 345 0.1494 102 414 

4.90 342 0.2031 102 384 

5.90 345 0.2983 102 384 

5.70 296 0.2089 102 337 

6.70 321 0.2615 102 330 

8.35 266 0,2295 102 279 

9.35 266 0.2576 102 280 

10.90 266 0.2295 102 297 

12.35 206 0.2576 102 226 

12.66 194 0.3047 102 186 

15.90 139 0.3534 102 112 

17.25 127 0.3538 102 104 

Speed tests, Frequency = 60 Hz. 

X = 10x10 in, 
Zz uspks 

Figure 36, 
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inertia force a the observed die force to obtain the force 

in the wire. RoUBVES by measuring the phase shift it was 

possible to compute the force in the wire by means of vector 

addition (see figure 33). 

Periodic measurements were made during the investigation 

of the peak force in the drawn a These values were 

averaged for use on the analogue programme as the drawing 

force under oscillatory conditions, The mean value was found 

bG De.81LO 1bft. 

Under all test conditions, considerable distortion of the 

loadcell sionals was observed. These curves were smoothed by 

eye to an equivalent ee wave, and the force eo ee 

The accuracy of this technique was checked using a planimeter 

for a selection of curves, and in all cases the two values of 

amplitude obtained were in close agreement. 

The results of these tests are shown in figures 34 to 36. 

B71(e): The analogue investigation 
  

The range of the problem investigated on the analogue 

computer was designed to complement the experimental study 

described above. The problem was split therefore into three 

parts, comprising the effects of die amplitude, frequency, and 

drawing speed, on the magnitude of induced cyclic force. The 

same system constants and range of variables were employed. 

To take into account the variation of the drum damping 

coefficient noted in Appendix 8 the upper and lower limits were 

used. 

Taking results off the computer Sonat sted of setting the 

desired values of amplitude, frequency, drawing speed, and 

damping coefficient on their respective potentiometers,



  

  

  

  

  

  

  

  

  

V = 4 ft./min, Force variation, lbf. pk.t.pk. 

Amplitude. €= 0.1 & = 0.3 

in. x 10° pk.t.pk. 

Frequency 20 Hz. 

10 63 84 

12 146 136 

14 204 183 

16 261 230 

18 310 282 

20 355 324 

Frequency 60 Hz, 

4 125 94 

6 282 225 

8 376 334 

10 449 405 

12 502 460 

14 549 507 

16 585 554 

18 627 585 

20 658 622 

Frequency 90 Hz. 

2 26 37 

4: 167 172 

6 277 266 

8 364 350 

10 4.23 415 

12 475 465 

14 517 512 

16 564 543 

18 585 585 

20 632 616       

Analogue results: Amplitude tests, 

Figure 37, 

 



  

  

  

      

Force variation lbf. pk.t.pk. 

Frequency. Hz. S = 0,1 &.= °0.3 

20 73 84 

21 115 ~ 

22.5 185 wane 

25 172 “ 

27,5 143 — 

30 125 1414 

35 99 162 

49 131 199 

45 334 277 

50 478 340 

55 470 387 

60 455 397 

- 70 4.28 408 

80 418 413 

90 418 413 

100 418 418 

  

Analogue results: Frequency tests, 
  

V = 4 fti/min, ; X¥ = 10x 107 in, pk.t.pk. 

Figure 38, 

 



  

  

  

        

  

Force variation. lbf. pk.t.pk, 

Speed, ft./min. § = 0.1 5 = 0.3 

4 | 444, 397 

6 397 345 

8 334 282 

10 256 214 

12 178 157 

14 104 94 

15 73 63 

17 34 21 

Analogue Results: Drawing speed tests, 

Frequency 60 Hz. Kw 40 £850 An, pkye ps 

Figure 39, 
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Figure 40a.
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Comparison between theoretical and observed data, Frequency tests:   

Figure 41.  
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Comparison between theoretical and observed data, Drawing speed tests:   

Figure 42,
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switching the machine into operate, waiting for the transient 

response of the drum to pass, and recording eo omanned 

variation in wire force. These results are presented in 

figures 37 to 39. Figures 40 to 42 show a comparison between 

computed and actual values of cyclic force induced.
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B72: Tandem drawing 
  

Having established the mechanics of drawing wire through 

a single die with oscillations, the same approach was adopted 

in the study of wire area through two dies axially 

oscillated in antiphase. Initially an analogue programme 

was developed to simulate the process. However, initial 

results from this Tce sbtcation revealed that the predicted 

force variations were much lower than those observed experimen- 

tally. This analysis did not take into account the increase in 

maximum load in the drawn wire when oscillations are applied to 

the die. It was therefore decided to develop a theoretical 

analysis including this effect. The results of the above 

analogue investigation showed that for frequencies of oscillation 

above and removed from the natural frequency of the drum, the 

effects of drum oscillations were minimal. The analysis was 

therefore considerably simplified by assuming no drum 

oscillations. 

This section described the development of this analysis, 

and theoretical predictions are compared with experimental data. 

B72(a): A discussion on the increase of maximum load in the 
  

drawn wire 

In order to take this effect into account it was first 

necessary to hypothesise its true nature. In the previous 

investigation Winsper observed that when drawing wire through 

a single axially oscillated die, the maximum load in the wire 

was always in excess of the non-oscillatory drawing load. This 

effect was also observed in die 2 in this investigation. 

Winsper concluded that this increase in drawing load was a result 

result of sticking friction, and a transient non-equilibrium



  

No drawing,   

  

  

  
' 

1 

| No drawing, 

  

  

  

    
  

0 

0 time, 

(a) Short drawing period. 

Rs a ee ata es es a a a Ss 
° 

eo es i eas eg had ie aa eee, oo re ac 

| 

No drawing, | No drawing. 
1 

, | 
e time, 

(b) Long drawing period, 

Foe = Peak oscillatory drawing load. 

F = Non-oscillatory drawing load. 
De Of 

The effect of the transient drawing load on the induced 

cyclic stress, 

Figure 43,
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deformation pattern, both resulting from the intermittent reture 

of drawing. Experimental verification of this explanation 

was presented by Winsper, and is therefore considered acceptable 

here. 

This transient increase in the drawing force will result 

in the following possibilities. If the period during which 

drawing occurs is in excess of the period of the twensient 

force, then steady state drawing conditions are reached before 

the cessation of drawing. In this case the elastic off-loading 

of the drawn wire starts at a relatively low non-oscillatory 

drawing force. If however the drawing period is shorter than 

the transient period, then the elastic offloading is started 

at a higher load, whose value lies between the peak oscillatory 

load and the non-oscillatory graying load. Furthermore, the 

shorter the drawing period, the closer the load (at cessation 

of drawing) approaches the peak oscillatory load. Thus, there 

are generally two components of force variation, namely that 

occurring during drawing, and that due to elastic off-loading. 

The magnitude of the eSomdr is greatest for the longer drawing 

periods, and in the limit is the difference between the peak 

oscillatory force and the non-oscillatory drawing force. The 

magreeuae of the latter is a function of the drum to die 

velocity ratio and the die amplitude. These effects are shown 

diagramatically in figure 43. 

In order to simplify the analysis, it was first assumed 

that steady state conditions were achieved during the drawing 

period. This assumption is correct if the drawing period is 

in excess ofebhe transient period. The drawing period is 

longest for low amplitudes and frequencies, and high drawing 

speeds, and since the drawing speed was of the same order as
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the peak die velocity, this assumption was thought justified. 

The effect of this assumed behaviour is threefold:- 

(1) It increases the maximum load in the wire. 

(2) It increases the force variation in the drawn wire. 

(3) It delays the start of drawing in each cycle, 

B73(b): Modification to the stiffness of the drawn wire 

Theoretical analysis has shown that the load - extension 

characteristic of the drawn wire is given by:- 

R ul 

Viot ~ AE [Fa-z 
a 4 Sw 

- 2 (FF)? + a+ Bye] 

Experimental data has shown that the force variation in the 

drawn wire is small compared with its mean value. Thus it may 

be assumed that:- 

ee 
(Fr) * 2p 

and therefore the above expression simplified to:- 

  

Urot = "TRE [a + BCP - F)| 

Therefore the effective stiffness of the drawn wire is:- 

(F - F) i AE 

Veot (1 + >) 

The above simplified expression was used to determine the 

stiffness of the drawn wire in the following analysis. 

_B72(c): Theoretical analysis of oscillatory tandem drawing 

The following subscripts are used; 

1. initial die (die 2 on apparatus). 

ac wire at aie 2; 

Seas aohte die (die 1 on apparatus). 

a. Wire: et die i 

Sie arum:
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(a) wire between dies. 

(b) wire between second die and drum 

The dies are oscillated in anti-phase such that:- 

xy = Xcoswt a Er) 

X, ==Xcosut - (2) 2 

It is assumed that at t = O wire is being drawn in 

die (3), with exit velocity - and front tension Boe Lets 

also assumed that the transient phase in drawing is passed 

before drawing stops in die (1). In the period when steady 

state drawing occurs, the forces on the deformation in die 

(3) will be given by the conventional back pull equation:- 

By, Fe t Fhe Fede? 

where K = back pull factor. 

Pn = drawing load for die (3) 

with no back puli. 

From which is obtained:- 

ar & ar, - (4) 
ae ae 

but. 

oe = Ge Ww - x,) = (5) 
dt 

and, 

dF. ; ‘ 

ae 8 8, ip pe 
where r = Ab/Aa 

S = stiffness. 

If drawing is not occurring in die (1) whilst in die (3): 
e = . ed (G7) 

O2. wey 

Combining equations (4) to (7),



(id1) 

Ce V kS,Xwsinwt : 

2 : =at8) 
k 15 Ss. + Sp 

Since drawing is assumed to occur under steady state 

  

conditions before ceasing in die (3), drawing will stop in 

die (3) when the velocity of the die equals that of the wire 

at-the dite, at.t = ths say, 

i.e. when 

  

coke = Xy 

or Xwsinet, = S)V - KS. octane ey 

rKS . + Sy, 

S : 
ginity et ee = 

Xw 
(1+r) KS +S) 

Now drawing has stopped in die (3), there follows a period 

of release of elastic strain in wire (b). The subsequent 

relative compression in wire (b) after t = ty is given by:- 

it 

oe | *4-5 at 
rt 

Since drawing has stopped in die (3), the wire will follow 

the die, provided that the wire does not go into compression. 

Thus: x4 = x 
3 . 

Also it is assumed that the oscillations of the drum are 

negligible, and therefore the velocity of the other end of 

the wire will be the steady velocity of the drum. 

ee Xs = V 

we: - 

sie 5h = i, (X#sinwt - V) dt 

3s 

Sp = X [cos “t, -cos ut] - V(t-t,) - (10)
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The subsequent force in wire (b) is therefore given by:- 

Fy = Pol “ ae - coswt) - viet, mC) 

where Fol is the force in wire (b) when drawing stops. 

During the period of elastic off-loading of wire (b), drawing 

will start in die (1). It is assumed that steady state 

conditions are established before drawing stops. Thus drawing 

will stop in die (1) when the velocity of the die exceeds that 

of the wire at the die, at t = t, say. 

i.e. when X1 = Xy 

Since during this time drawing is not occurring in die (3), 

and the drawing force is constant for die (1):- 

x5 Be x4 = X3 = - Xcos Wt 

Thus drawing stops in die (1) when:- 

1.e€. Xcosut, = COS wt. 

wt, = T ae (12) 

Since drawing has now stopped in die (1), there follows a 

period of release of elastic strain in wire (a). The sub- 

sequent relative compression in wire (a) after t = t, is 

given by:- 

The wire at die (1) will follow the die, since drawing has 

stopped. 

Ce Xo Te ~ 

The wire at die (3) will also follow the die since drawing has 

stopped.
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i.e. xX, = x3 

é 

a . 

™/ 

6, = 2x[cosut + 1) See 43) 

The subsequent force in wire (a) is therefore given by:- 

cE ro 2S_X(cos wt + 1) - (14) 

where rod is the non-oscillatory drawing load for die (1) 

The above equation will cease to be valid when drawing re- 

starts in die (3). This will occur when the applied front 

tension is sufficient to start drawing, at t = tz, Say. At 

this instant the forces are related by the equation:- 

Fy = KF. “+ ne “+ AF pime CLS5) 

where AFL is the magnitude of the drawing load increase 

during the transient phase. 

(For the sake of simplicity it is assumed here that AF) is 

constant for all conditions). 

Substituting equations (11) and (14) in (15) yields:- 

Fol ~ s,,[Xcosut, ~ coswt 3) - V -s - £)| 

= K[Pao ~ 2Sax(cosut, + »)| + Bins + AF) - (16) 

Drawing has now restarted in die (3). To render analysis 

from this point possible, it is assumed that the transient phase 

is infinitely short. Thus there follows in instantaneous 

adjustment of forces of magnitude éFo and SFL, brought about 

by the instantaneous drawing of a short length of wire, after 

which steady state conditions are achieved. 

Now, at the initiation of drawing, the forces are related 

by:-
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ri" KF. +o. te - (15) 

After the adjustment, the forces are related by the 

conventional drawing equation: - 

Fi, - 6Fy = K(F, + 6F,) 4 Pio ~ (16) 

Combining (15) and (17) gives:- 

AF) - SF = K6F - (18) 

If the short length of wire drawn during the adjustment is 

6x, then: 

oF) FS S) 5% 

and 

Of ser 6x 
a a 

ke ee 

SF) 's a 

éF ro. 
a a 

Thus 

ae Ss = éFS afk ae (19) 
ro 

a. 

where 6F is the instantaneous rise of force in wire (a) due 

to the adjustment of forces, brought about by a change in the 

relationship between front and back tension. 

And 

, S 
Ae b ag - (20) 

b reer ey b 
+ rKS a Sp 

where SF is the fall in front tension for the same reason, 

Drawing now continues in die (3) under steady state conditions 

with absolute velocity x given by equation (8). 4 ’ 

Drawing is still not occurring in die (1), but the rate of 

off-loading of wire (a) has been modified by the initiation 

of drawing in die (3) at t=t The subsequent compression 3° 

in wire (a) after t = t3; is given by:-



te 

  
S.V - KS_Xwsin wt) 

as - Xwsinuwt - r("b : | at 

ce. + Sy 

a 

i<es 
ox 

— ~b / r SbV | 
6 Fe 2 en einen cosWt — coswt aren Eo oe 

a (rKS, . S.) 3 (rKS_+8)) 3 

=( 21) 
Drawing again stops in die (3) when wt, = 27 + wt). 

At t2= ty = o + tye the force in wire (a) is given by com- 

bining equations (14), (19) and (21). 

Ler 

Pevean - 2S X(cosut, +°1) + rs, AP, 
a2 ; : ie +o) rkS, i: 

- S, je (cos wt, - cos wt.) ro)V (Zeta | 

(rKS +S) (rKS . + S)) 

~. (22) 

It has been assumed that drawing stops in die (3) under 

equilibrium conditions, and therefore the forces at this time 

are related by the equation:- 

Bee RB Fe 
a b bo 

- Substituting for E from (22) gives:- 

  

rs. AF 
Py = kK fF ao = 28 ,X(coswt,+t1) \ ane Sy. b 

el b 

Six 
ai 85 epee dees (coswt,-coswt,) Ss (2% re,-t4))} 

(rks +5, ) (rkKS_ + S,) 
+ Foo - (23) 

The value of % given by equation (23) is the magnitude of 

front tension in die (3) when drawing stops. 

ie. Fy, (from (23)).= FLy 

Thus this expression for Fol can be substituted in equation (16).
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Manipulation of this equation yields:- 

27xrKS 
a 

  

3 = eV 
cosut, = cosut, Xo 

(l+r) Ks. + S) 

: AFL : Sy, Vt, : S., eo. Ba 

X| (1+r) Ks +8, | (l+r)KS,+S,. X (ltr)KS_+8,  X 

The solution of equation (24) gives the time at which 

drawing starts in die (3), and hence the degree of elastic 

off-loading in wire (a) prior to this instant, given by 

equation (13) . 

Thus the cyclic force in wire (a) has five components:- 

(1) A force drop during drawing in die (1), brought about by 

the change from transient to steady state drawing 

conditions, AF. 

(2) A force drop after the cessation of drawing in die (1), 

and before the initiation of drawing in die (3), resulting 

from the release of elastic strain in the wire, 

25,X (coswt,+1) (equation (14)). 

(3) An instantaneous rise in force due to the change in die 

(3) from transient to steady state drawing, 

rS ,- AF) /(rKS,+S)) (equation (19)). 

(4) A change in force due to the release and subsequent 

gathering of strain.in wire (a) while wire is being drawn 

V 27 

—+t,-t, 
in die (3), S,Sp)X (cosut, - cosut,) és rs 5), 

(rKs . + Sy) (rKS_ + Sh W 

  

(equation (22)). 

(5) An increase in force during the period between the 

cessation of drawing in die (3) and the initiation of 

drawing Indie Cl)r. 

Similarly, the cyclic force in wire (b) has three 

components: -
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(1) An instantaneous drop in force at the initiation of 

drawing in die (3), SDAP) /(rKS , + Ss.) (equation (20)). 

(2) A change in force during drawing in die (3) under 

Steady state conditions, due to the change in back 

tension applied by wire (a), 

  

KS ,S) X(coswt,-cos4t,) 2 rkKS .5),V (2m + t)-t,) 
Ww rKS_ + S) rkS_ +S 

(equation (21)). 

(3) A reduction and subsequent increase in force during the 

period when drawing does not occur in die (3), due to 

the release and subsequent gathering of strain in wire 

(b), S)X (cust, - cost 3) - SUV (t4-t,) 

(equation (10)). 

The above analysis assumes that the drawing period is 

sufficiently long for the transient phases in the drawing 

period to be passed before drawing ceases. The other 

extreme possibility is that the drawing period is so short 

that the forces during drawing are always higher by the 

fixed quantities AF. and AFD and there is no time for the 

transient force to reduce, Thus the point in time when 

drawing stops in die (3) is still expressed by equation (9). 

The remainder of the analysis must be modified on two points. 

(1) The back pull equation must be modified to include the 

increase in drawing force. 

230. Fy = KF, + Pigs 

where F = F + AF 1 

bo bo b 

(2) There will be no adjustment of forces at the initiation 

of drawing in die (3). 

The result of this is the omission of one term in 

equation (24), which now becomes: -
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Computed and observed values of drawing force reduction at 60 Hz. 
  

Reduction in drawing force, (1b2.) 
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Computed and observed values of drawing force reduction at 80 Hz, 
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Computed and observed values of drawing force reduction at 100 Hz. 
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2mrks , oy Sy : vt, 

Cosut., = coswt. - ec aeet Xo 
3 1 (1+r) KS, +S) (1+r)KS_+5S, % 

S Vt. 

e : en faa) 
(1+r) KS, +8, x 

The reduction in peak drawing force was calculated using 

both theories, details of the calculations being given in 

appendix (11), and the results of which are plotted on 

figures Gad): toe(46). .



B8: Discussion of Results
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Bor Discussion of results 
  

B81: Results of main tests 
  

In order to evaluate the results obtained, it is first 

necessary to discuss the basic mechanics of wire drawing 

with back tension. The relationship between drawing load 

and back tension is of the form:- 

YP eee t Po (1) 

where Se drawing force 

ll Be 
a 

back tension 

is = drawing force witnout back tension 

K.= back pull factor 

The load on the die in this cases is given by:- 

fo. a (2) 

lige Fea 5 CF, (3) 

where Fa = die load 

Coe tlie) 

Thus it may be seen that the drawing load increases in 

proportion to the magnitude of back tension, whilst the die 

load decreases. 

The basic mechanism proposed for the process was that 

wire is drawn alternately through each die, and for a short 

period during each cycle. The point at which drawing occurs 

in either die is when the die is at its most backward position 

in relation to the drum, since at this time the tension in the 

drawn wire for that die is greatest. During the remainder of 

the cycle, the wire which has been drawn through that die is 

elastically off-loaded and subsequently restressed by the 

forward and subsequent backward motion of the die. Now, since 

the dies are oscillated in antiphase, drawing will occur in 

die 1 when the back tension applied to it by die 2 is a
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minimum, Thus the effect of eet teri cis is to reduce the 

magnitude of back tension at die 1 when drawing occurs in 

that die, Since this occurs when die 1 is at its most 

backward position, the subsequent forward motion of that die 

will cause the tension in the drawn wire to reduce. Hence 

the diminished drawing load for die 1 is the maximum load felt 

in the drawn wire. Thus the following features are to be 

expected in the Spe Picieas data obtained, 

The maximum load in die 2 will be the load at which 

aeawing occurs in that die, and will therefore be equal to 

the non-oscillatory drawing force for that die. Inspection 

Ot graphe 1) to 12: shows that in fact the effect of 

oscillations is to increase slightly the drawing load above 

its non-oscillatory value. Furthermore, the magnitude of this 

increase is greater for higher amplitudes of oscillation. 

This behavicur was expected, since it was observed in the 

previous investigation by Winsper. This was then attributed 

to a combination of sticking friction, retaining the wire in 

the die after the non-oscillatory drawing load was reached, 

and a transient, non-equilibrium deformation pattern, once 

drawing was initiated. Winsper provided independent 

experimental evidence for these mechanisms, which are there- 

fore considered acceptable by the author. 

The second feature to be expected in the data is that the 

minimum load in die 2, and hence that in the wire between the 

dies, will diminish with increasing amplitude of the dies. In 

the particular case when wire is not being drawn, and thus at 

no time does the wire move relative to the dies, the cyclic com- 

ponent of load will be proportional to amplitude. When wire 

is being drawn, provided that the length drawn per cycle, and
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hence the relative movement of wire to die per cycle, is small 

compared with the total movement of both dies, then the 

proportionality will “stall hod, This is shown to be the case 

inspraceice, in particular in graphs 15° and 16,. which show 

the magnitudes of cyclic loads induced. 

During the period when wire is not being drawn, the 

wire behaves as a spring. Thus the cyclic component of force 

in the wire between the dies should increase with increased 

stiffness of this element. This effect is clearly demonstrated 

on graph 11, which relates to tests with varying die separation, 

and hence intermediate wire stiffness. 

The magnitude of the cyclic force induced in the inter- 

mediate wire is of primary importance to the process, since it 

is that which dictates the diminished value of back tension 

applied to die 1, which results in a reduction in the total 

drawing load. The factors which affect this magnitude will be 

dealt with in a more quantitative manner when the effect of 

frequency is discussed. 

Equation (2), at the beginning of this discussion, shows 

that a reduction in back tension during drawing will result 

in a proportional increwse in the die load. Drawing will occur 

in die 1 when the back tension applied to it by die 2 is 

reduced, by an amount approximately equal to the peak to peak 

amplitude of cyclic force in die 2, Thus, according to 

equation (2), drawing will occur in die 1 with a die load which 

increases in proportion to the decrease in applied back tension. 

Graphs 1 to 11 clearly show that, as the minimum load in die 2 

decreases, the maximum load in die 1 increases. Furthermore, 

if drawing occurs in die 1 under conditions which satisfy the 

steady-state drawing equation, the relationship between the min-
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imum load in die 2 and the maximum load in die 1 should be 

expressed by equation (2). Graphs 12 to 14 compare the 

actual relationship of these forces with that given by 

equation (2). The constants in this equation were determined 

experimentally in the non-oscillatory drawing tests (see 

section B51). It may be seen from these comparisons that the 

actual die loads bear a distinct relationship with the applied 

back tensions, which is independent of amplitude, frequency, 

and die separation. Furthermore, the die loads are always in 

excess of those predicted by steady-state drawing theory, 

the differencebeing greatest at points corresponding to the 

highest amplitudes of oscillation. Thus again, in die 1, the 

drawing force under oscillatory conditions is always in excess 

of its corresponding non-oscillatory value, as is the case for 

ais a3 

Drawing occurs in die 1 when the die is at its most 

backward position, and die 2 is at its most forward position. 

Subsequent to drawing die 1 moves forward, and the wire in die 

moves with it, since drawing is not taking place. Thus the 

force in the final wire goes down. ‘Concurrent with this, dies 

l and 2 are moving apart, and therefore the force in the wire 

between the dies goes up. This results in the net load in 

die 1 decreasing, by a amount equal to the change in loads 

in the two wires. Thus the degree of off-loading of die l 

will be proportional to the amplitude of the two dies. This is 

clearly demonstrated in graphs 15 and 16. 

Under steady-state, non-oscillatory drawing conditions the 

back tension applied to die 1 is the drawing force for die 2. 

Since the effect of oscillations is to reduce the back tension 

applied to die 1 when drawing occurs there, this results in a
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proportional reduction in the load in the drawn wire at this 

instant (see equation.1). Since the degree of reduction of 

back tension is proportional to die amplitude, then the degree 

of reduction of the drawing load on the drawn wire is similarly 

proportional. “This is shown in“ graph 17. 

As previously stated, after drawing occurs in die 1, its 

subsequent forward motion reduces the load in the drawn wire. 

Again, this off-loading will be proportional to die amplitude, 

as shown by graphs 15 and 16, 

Throughout this investigation it was observed that the 

amplitude of cyclic loads, and consequently the reduction in 

peak drawing load, was greatest for the higher frequencies of 

oscillation. For example, graphs 1 to 8 show that a minimum 

die load of zero is reached at a lower amplitude of oscillation 

when the frequency is increased. However, these effects are 

more clearly fe ante ated in graphs 15 to 17. These show that 

there is a general trend towards higher cyclic forces at all 

three stations, for a given die amplitude, as the erect nae 

is increased beens 15, 16). As expected, this trend is 

reflected in the drawing loads, where it may be seen that the 

reduction in drawing load is greatest at the higher frequencies 

forapn 17). 

These observations conflict with the findings of Winsper 

in the previous investigation. There it was observed that the 

level of cyclic stress was independent of frequency. The 

‘reasons for this apparent disagreement will be discussed later, 

when the results obtained from the analogue investigation are 

discussed. 

A study of graphs 15 and 16 will reveal that this increase 

in effectiveness with frequency is most clearly observed in
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the: cyclic component. of force. in die 2. <In this case, almost 

without exception, the level of cyclic force at a given 

amplitude increases for every increment of frequency. This 

is not the case for the cyclic force in the drawn wire, or in 

die 1. In these cases 80 Hz. is generally the frequency at 

which the greatest cyclic force is induced. It is thought that 

here there are two agencies effective in determining the level 

of cyclic stress for a given amplitude of die oscillation. . The 

first is the general increase of effectivenss with frequency, 

which will be discussed later, and the second is the response 

of the drum to cyclic forcing. The amplitude of induced drum 

oscillations will have its maximum value near the natural 

frequency of the drum. For frequencies higher or lower than 

this, the drum amplitude will be diminished. Furthermore, 

below the natural frequency, the drum oscillations will be in 

phase with those of die l, and in anti-phase for frequencies 

above. Thus, below the natural frequency, the effect of drum 

oscillations will be to diminish the effective cyclic stress 

induced in the drawn wire. Above the natural frequency, the 

cyclic stress. will be increased, this effect diminishing with 

increasing frequency. The combination of the two agencies will 

result in a general increase in cyclic stress with frequency, 

with a resonant peak situated just above the natural frequency 

superimposed. Under these circumstances, the maximum 

effectiveness may be observed at frequencies below the maximum 

used. This effect is also reflected in the cyclic forces in 

die 1, since this is the algebraic sum of the cyclic’ forces in 

die 2 and the drawn wire. 

In view of the above observations, it was decided to study 

the effects of frequency on the cyclic force in die 2, since in
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this case, the oscillations of the drum have no afeece. It was 

further decided to compare the above force with its theoretical 

maximum value. This maximum is achieved in the special case 

when wire is not being drawn, and thus there is no relative 

movement between the die and the wire. In this case the peak 

to peak cyclic force induced is simply given by:- 

AP: = -4xs (4) 

I where X zero to peak die amplitude 

Ss wire stiffness i} 

Graph 18 shows this comparison for frequencies of 40, 

60, 80 and 100 Hz., with die separations of L$ Ins and 20 in, 

Also shown are the points corresponding to the test using 

various die separations at 60 Hz. From this graph it may be 

seen that for a given frequency the computed and actual force 

variations bear a linear relationship, and that observed values 

approximate more closely to the computed values at the higher 

frequencies. Thus, it may be concluded that the level of 

Cyclic stress is proportional to amplitude and wire stiffness, 

the constant of proportionality approaching unity as the 

frequency increases. | 

The reason for this diminished effect at lower frequencies 

is considered to be the greater relative movement between dies 

and wire in these cases. The length of wire drawn per cycle 

in each die is greater at the lower frequencies, and thus in 

these cases the actual situation is furthest removed from the 

theoretical condition, where no relative movement is accounted 

for. Thus the gradients of the curves in graph 18 are an 

expression of the efficiency of coupling between the die poe 

the wire, a coupling coefficient of unity meaning no relative > 

movement, —
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The effect of increasing the drawing speed from 2 ft/min 

to 5 ft/min is shown in ea. 2 to #, 12(a),. and 18 (ap. 

Unfortunately, this increased drawing speed resulted in a 

diminution of the non-oscillatory die loads, and the back-pull 

factor, C. This is considered to be the result of an 

improvement in the frictional conditions afforded by a thicker 

lubricant film being generated. However, it may be seen that 

the qualitative behaviour is identical to that described above, 

but that the level of cyclic stresses induced is diminished. 

This effect is demonstrated quantitatively in graphs 18 and 

18(a), which compare the computed and actual force variations 

in die 2, at drawing speeds of 2 ft/min. and 5 ft/min. 

respectively. Here it may be seen that, for a given frequency, 

the coupling coefficient between the dies and the intermediate 

wire is diminished for an increase in drawing speed. This 

effect is similarly considered to be the result of the 

increased relative movement of wire to die, as described 

above. This results in a diminution in the effective 

reduction in eee force, as may be seen in graphs 2 to 4. 

However, the effect of the enhanced lubrication conditions is 

sufficiently great to produce a lower drawing force at 5 ft/min 

than at 2 ft/min. for the same oscillatory parameters. 

Thus the effects of the variables are now defined. The 

degree of reduction of back tension applied to die 1 is 

proportional to amplitude and wire stiffness, the constant of 

proportionality approaching unity for high frequencies and/or 

low drawing speeds. There is a unique relationship between 

total drawing load and applied back tension, expressed in 

graphs 12 to 14, which is a coarse approximation to equation 

(1), the divergence from the equation being due to the 

previously discussed rise of the oscillatory force above its



(127) 

non-oscillatory value. Therefore the reduction in total 

drawing force is likewise proportional to amplitude, wire 

stiffness, and coupling coefficient, and also the non-oscillatory 

back pull factor. The reduction in drawing force may be 

expressed in equation form as follows:- 

Using the nomeclature in eadat soe (3), and referring to 

graphs 12 to 14, the relationship between die load and back 

tension under oscillatory conditions may be expressed as:- 

Foo =-F + AF +.:C' Fa. = (5) 
bo 

where AFLG = the rise above the non-oscillatory 

die load for zero front tension. 

GC! slope of line joining the oscillatory 

points. 

Therefore, under oscillatory conditions, the drawing 

force is given by:- 

= ' - Fp = S ee oe Fo ap AFno (6) 

where K' = (1 — €") 

The magnitude of back tension applied to die 1 during drawing 

is:- 

Fo = ve. oo. ae AF. - 4xSp - (7) 

where Pee = non-oscillatory drawing force in die 2, 

AF = rise above the non-oscillatory force in 

die 2. 

X = zero to peak amplitude of both dies. 

S = stiffness of wire between dies. 

. = coupling coefficient. 

Combining equations (6) and (7):- 

Ph = K' (Fa, a AF. - 4xXSy) + F SAE - (8) 
-O. bo bo 

Under non-oscillatory conditions, the front and back tensions 

are related thus:-
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i = KF ae (9) 
Dir. Oe ano DO 

Thus the drop in drawing force due to oscillations is 

given by: 

: = oo = ates as t " us t oF) tenc Ph Sone ils) K AF. AFLo + 4K'XSy) 

i.e. - 6F, = K' /4xSy is OF, (10) 

From the anove equation it may be seen that the 

reduction in drawing force is a function of die amplitude, 

wire stiffness, the non-oscillatory back pull factor, the 

rise above the non-oscillatory drawing force, and the 

coupling coefficient. The following is a comparison between 

observed reductions in load, and those derived from equation 

  

  

(10). 

Frequency = 100 Hz S = 4,46 x ok lbf/in 

Die separation = 18 in C!: 9.0, 635 

ay. = 0.800 K' = 0,365 

Die amplitude 

in x LOg aD. 6F, observed 6F} calculated 

Le ADE, 

LO 40 47 

eee D5 So 

2:20 76 74 

aa? 116 97 

3. 0 lees © 129           
Thus the values of drawing force reduction are in 

coarse agreement with those predicted by equation (10). A. 

study of graph 12 will reveal that the oscillatory back pull 

factor, K', is not constant, thus accounting for the 

discrepancies observed. This variability of the back-pull
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factor may be the result of either a variation in the 

friction cil hs ORE in die 1, resulting in a change in the 

.value of the nono gett aat ory back-pull factor, or the 

assumption that the rise above the non-oscillatory force in 

die 1 is proportional to the degree of reduction in effective 

back tension applied to that die. Examination of graph 12 

reveals that this assumption is not strictly true, and 

furthermore, there is some random variability in the mag- 

nitude of this rise, 

The above predictions of drawing load reductions can 

only be obtained with a prior knowledge of the coupling co- 

efficient between the wire and the dies. Since this has been 

obtained scoot Lamas a1 ii no prior predictions relating to the 

effectiveness of the process can be made. For this reason, 

the more complete analysis in section B73 was conducted. the 

results of this analysis will be discussed later. 

: The remaining tests to be discussed are those invest- 

igating the effects of oscillating one die only, the results 

of which are given in graphs 9, 10 and 14, Oscillating die l 

only has the same effect as oscillating both dies, but since 

it is only die 1 which is effective in inducing a cyclic force 

in the intermediate wire, to gain the same effectiveness as 

with two dies, the amplitude of oscillation must be approx- 

imately doubled. This therefore induces a greater cyclic 

force in the drawn wire. The relationship between front and 

back tension in die 1 at the drawing condition is of the same 

form as that when two dies are oscillated (see graph 14). 

Oscillating die 2 only modifies the process, since there 

is no release of strain in the drawn wire resulting from the 

motion of die 1, In this case there is still an effective
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Penuetion in back tension in die 1, and the relationship 

between front and back tension during drawing is unaltered. 

However, Since there is no subsequent forward motion of die 

1, there is no release of strain in the drawn wire, and the 

motion of the drum causes the force in the drawn wire to 

increase. The possibility of drawing continuing under these 

scndivtons will depend upon the relative magnitudes of the 

increase of load in the drawn wire and the increase of 

applied back tension in die 1. Examination of graph 10 shows 

that, generally, the increase in back tension is well in 

excess of the increase in load in the drawn wire, and hence 

it is unlikely that drawing will continue throughout the 

whole cycle. Again, to achieve the same effectivenss as 

with drawing with both dies oscillating, the die amplitude 

must be approximately doubled.
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B82: Discussion of analogue investigation 
  

This investigation attempted to discover the various 

factors which influence the magnitude of cyclic force induced 

in the drawn wire, when axial oscillations are applied to the 

die during drawing. Figure (41) shows the computed levels of 

cyclic force for a range of frequencies, with fixed die 

amplitudes and drawing speeds. Three computed curves are 

drawn, showing successively closer approximations to the 

experimental data. The basic mechanism underlying all three 

theoretical curves is described in section B7l(a). This 

states that wire is drawn baseriit cantia. at a constant load, 

and between these drawing periods the drawn wire is elastically 

off-loaded and loaded. 

ai feta assumed that during the elastic off-loading and 

loading, the wire is strained between the die and the drum 

only, and also that the drum is infinitely stiff, then the 

above mechanism gives predictions of cyclic force shown in the 

upper curve. In this case the cyclic force increases with 

frequency, thus agreeing with the experimental data, but 

grossly overestimates the magnitude at a particular frequency. 

When the straining of the wire coiled on the drum is 

taken into account, the predicted cyclic stress magnitude 

is reduced considerably. However, below the natural frequency 

of the drum the computed magnitude is too high, and too low 

above the natural frequency. 

When the oscillations of the drum are also taken into 

account, using the analogue computer, this rapid change of 

magnitude above the natural frequency is also predicted. This 

particular phenomenon is thought to be due to the change of 

phase relationship between the die and drum oscillations
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about the natural frequency, pao ie the drum will move 

in phase with die, and thus tend to reduce the effective 

amplitude induced in the wire. Above the natural frequency 

the drum will oscillate out of phase with the die, thus 

increasing the effective amplitude. Thus it is concluded 

that the predictions of cyclic force amplitude obtained from 

the analogue investigation are in the closest agreement with 

experimental data. 

The effect of die amplitude on the magnitude of CyViClae 

force induced is shown in figures 40 a, Di Ce wLeh the 

analogue results shown for comparison. Here, it may be seen 

that the force spl itide increases with die amplitude for all 

frequencies considered, and that generally the predicted | 

values are in close agreement with observed data. 

Figure 42 indicates the experimental and theoretical 

variation of force amplitude with drawing speed, showing the 

force to be reduced at the higher drawing speeds. Again there 

is a close agreement between experimental and theoretical 

data, 

The results of the analogue programme show that the 

experimentally observed variation of damping coefficient of 

the drum results in a large variation in the cyclic: force 

magnitudes, especially near the natural frequency. This will 

account to some degree for the scatter observed in the 

experimental points. There are, however, two areas where the 

experimentally observed force amplitude is consistently higher 

than the predicted value, namely at the higher frequencies, and 

the higher values of mean drum to peak die velocity ratios. 

During the drawing teste it was observed that at the 

higher frequencies the drawn wire was excited transversely,
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particularly at high amplitudes. This is thought to account 

for the higher magnitudes of force variation in this region. 

The second region of disparity is not so readily ex- 

plained, but is thought to result from ne vice of the peak 

drawing force above its non-oscillatory value. As discussed 

previously in section B73(a), this has the effect of prod- 

ucing a second component of force variation. If the drawing 

period is longer than the transient period for higher drawing 

loads, then drawing will stop at the steady state, non- 

oscillatory drawing force. In this case the force variation 

will have both the elastic off-loading component and an 

amount Bs to the rise above the non-oscillatory drawing 

force. As the drawing period is diminished, this latter 

component is progressively reduced, since insufficient time 

elapses during drawing for the transient force to diminish. 

The conditions for a long drawing period, and hence 

increased force variation by this mechanism, are a large drum 

to die velocity ratio, (see B7l(a)), and a low frequency of 

oscillation. Since these are the conditions under which the 

observed force variations are excessive, the above mechanism 

is considered to be the probable explanation for this 

behaviour. 

Thus it is concluded from the analogue investigation that 

axial oscillations of the die during wire drawing cause the 

drawing process to be intermittent. Between these drawing 

periods the drawn wire is elastically off-loaded and loaded, 

by an amount dependent on the drum to die velocity ratio, 

the die amplitude, the dynamic response of the drum, the 

degree of frictional constraint by the drum on the coiled wire, 

the transverse response of the drawn wire, the magnitude of
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the rise of the drawing force above its non-oscillatory value, 

and the duration of the drawing period. 

These findings are in conflict with those of Winsper 

in that during that investigation it was observed that there 

was no effect of frequency on the cyclic force amplitude. 

However, this is to be expected, since in that investigation 

the oscillation frequencies were always above the natural 

frequency of the drum, and under these conditions the force 

variation is almost constant with frequency. Some increase 

of force was observed in this investigation, and this was 

attributed in part to the induction of a transverse mode 

into the drawn wire. This effect was not reported by 

Winsper, since in that case the free length of drawn wire 

-was less, and the diameter general.ly greater, both 

differences resulting in a stiffer system in the transverse 

mode, with a higher natural frequency.
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B83: Tandem drawing analysis 
  
  

The object of this analysis was to obtain predictions 

of drawing load reductions for a given set of system 

variables. The So nie theory discussed at the beginning of 

this section did not achieve this, since an experimentally 

obtained coupling coefficient was necessary for solution. 

Also the analysis was designed to evaluate the effects of 

the increased oscillatory force, 

Several major assumptions were made during the analysis, 

for the purposes of simplification, and these will now be 

discussed, 

It was assumed that the velocity of the drum was constant 

at the mean value of drawing speed. This implies that no 

oscillations are induced in the drum due to cyclic forcing. 

This is considered justified since the level of cyclic stress 

induced in the drawn wire was small, and the frequencies 

considered were above and removed from the natural frequency 

of the ok 

A constant value for the magnitude of the oscillatory 

force rise was adopted. Inspection of the experimental data 

shows that while the magnitude is approximately constant at 

high oscillation amplitudes, it diminishes at low amplitudes. 

In order to obtain a linear load-extension characteristic 

for the drawn wire, the theoretical relationship derived was 

simplified by assuming that the force variation induced in 

the drawn wire was small. The experimental data indicates 

that this is a justified approximation. 

It was also assumed that no transverse oscillations were 

induced in the drawn wire, these having the effect of 

increasing the magnitude of cyclic stress induced. . However, 

since transverse oscillations were not observed during the
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investigation, this assumption was considered justified. 

Two conditions were considered in the analysis, 

constituting the extremes of behaviour for the system. 

Pirstly att was aseimed that the drawing periods were 

sufficiently long for the transient period during drawing 

to pass. This condition will arise when the frequency 

and drei hades are low. The other extreme considered was 

that the drawing period was short, such that the drawing 

forces were always at their maximum transient value. This 

corresponds to high frequencies and amplitudes. 

The results of these analyses are shown in figures (44) 

to (46), together with the corresponding experimental points. 

From these it may be seen that the experimental points 

generally lie within the computed extreme values. Further- 

more, for low amplitudes of die oscillation, corresponding 

to a long drawing period, the experimental points lie in 

closest proximity to the computed values corresponding to 

this condition. Similarly for high amplitudes, and thus a 

short drawing period, the experimental data approaches the 

computed values relating to this condition. 

The reason for the marked difference between the two 

computed curves is primarily that in the case of a long 

drawing period the cyclic force in the wire between the two 

dies has two components, the former being the elastic 

component and the latter the change in force during drawing 

due to the transition from transient to steady state drawing. 

In the case of a short drawing period, only the former 

component is obtained. Thus the degree of off-loading of 

back tension applied to the second die is greater for a 

long drawing period, and thus the reduction in total drawing
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load is similarly increased, 

Thus, while the analysis does not give accurate 

predictions of drawing force reductions, it does provide 

upper and lower limits for the process.



B9: Appendices
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B9: Appendices 

B91: The drawing machine 
  

The machine used was a horizontal bull-block with an 

18 in. diameter drum, having an 18.in long working surface. 

The drum was driven by a totally enclosed worm as through 

a carbon steel shaft, and supported, by heavy duty roller 

bearings. The machine was provided with a traversing die 

box table, mounted on plane bearing guides, and driven by 

a leadscrew giving 0.75 in, traverse per revolution of the 

drum, 

The designed drawing speeds for the machine were 120, 

240, 360 and 480 ft/min., provided by a four speed gearbox, 

This speed was rendered infinitely variable by driving the 

gearbox by a 15 h.p. squirrel cage induction motor, through 

a variable speed oil gear. The maximum die pull of 2,300 l1bf. 

was attainable up to 120 ft/min., this figure reducing to 

S73: 1Pl. at AOU Lt/min, | 

The product was pulled by the drum by means of gripping 

jaws attached to the drum periphery by a chain linkage. The 

jaws could accept products up to 0.375 in. diameter. 

B92: The vibrator systems : 
  

These were essentially double acting hydraulic jacks 

powered by hydraulic oil at 3,000 Mbt /in-. The oil flow was 

controlled by two flow valves, operated by an electrical. 

signal from a servo amplifier. 

The controlling signal to the summing junction of the 

servo amplifier was supplied by a low frequency electronic 

oscillator for vibrator 2, and by the phase shifting a aintee 

for vibrator 1. A displacement transducer mounted on each 

ram fed back a signal to the corresponding servo amplifier
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summing junction in such a way as to cancel the controlling 

signal, thus providing closed loop servo: control. The 

displacement transducer for vibrator 1 was a linear differential 

transformer having d.c. input and output. The transducer for 

vibrator 2 was a rotary differential transformer, energised by 

a 2.4 kHz. supply, the signal from which was demodulated prior 

to insertion into the amplifier summing junction. : 

The ueeun Of the servo amplifier for vibrator 2 was 

passed through a constant current circuit, prior to the 

servo valves, this facility providing an enhanced frequency 

response for that unit. 

B92(a): The vibrators 
  

These were double acting hydraulic jacks with rod ex- 

tensions at either end. Both jacks had al in. diameter hole 

machine through them for the product to pass through them. 

A 1%.in. b.s.f£. thread was provided at one end of each ram for 

load cell attachment, whilst the other end actuated the feedback 

transducer. Both units were provided with annular mounting 

fiancee. The performance characteristics of each unit are 

given at the end of this appendix. 

B92(b): Hydraulic power supply units 
  

The vibrators were powered by identical hydraulic pumps. 

These were pressure compensated, variable delivery pumps driven 

by electric motors. Each pump was immersed in the hydraulic 

reservoir, and delivered fluid under pressure es an 

accumulator and micro-filter to the vibrator. The return 

flow passed through a cooling system back to the reservoir. 

BI2(c)ecblectronic Control, unit 
  

The servo amplifiers were provided with rotary gain 

controls, being variable resistors, setting the magnitude
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of tne cenerol ling signal, thus providing a variable amplitude 

at the vibrator. A second ponentiometer provided a variable 

d.c. bias at the summing junction of the servo amplifier, 

enabling the mean position of the ram to be adjusted. 

The supply to the displacement feedback transducer was 

6 Vi 0. ce foe vibrator i, and 24 Vv. rims. at 2,4 kHz. for 

Vibrato: 2. 

Both units incorporated a 12 v. - O - 12v. stabilised 

d.c. supply. 

Specifications 

Vibrator, 

Bearing type | drained gland 

Maximum static thrust : 2 OOO ED E 

Maximum dynamic thrust 4,500 lbf 

Stroke 0.500 in 

Frequency range O to 200 Hz 

Effective ram area 4 in? 

Ram : 2 in diameter. At one end a 

iain beset. athread to attach 

load cell 

Mounting flange, 8 holes, 17/32 dia. 

one 7: in p.c.d. 

Vibrator 2; 

As above except the following: - 

Maximum static thrust 4, 500-1bDE 

Maximum dynamic thrust 3,000 lbf 

Stroke OS250- am 

Frequency range OQ, tO, 500 Hz, 

Effective ram area 1,5 in?



(141) 

Hydraulic supply units, 

Fluid type Shell Tellus 27 

Fluid capacity £5 gall 

Filter D me cron 

Pump delivery 6 gall/min 

System Seo cure 3,000 lb£/in2 

Pump motor moh. ps 

Cooler motor Ov5-h op. 

Accumulator Charged at 1,500 lb£/in? 

Servo amplifier 1. 

Input impedance 10 ko 

Supply voltage L2Vs = 0 -:12v. 

Oscillator signal input 5 v. peak 

Servo amplifier 2, 

Input impedance 220, 10 

Supply voltage 2a UO rev. 

Oscillator signal anput 5 7v. peak 

B93: Instrumentation 
  

Ultra violet recorder (S.E. Laboratories, type 2005) 
  

The recorder will accept up to 12 galvanometers, and has 

15 paper speeds from 1.25 mm/s. to 2,000 mm/s., in steps of l, 

25, 5, 10 and 20, with a speed change over switch giving x l, 

x/°tO, and x 100. Accuracy of speed £ 2%. 

Stabilised d.c. supply (Thorn Electronics type V P 21) 
  

Output voltage 3 to 30 vy. continuously variballe 

Output current Up tol emo, 

Output impedance d.cs ess, than 0.012 

a,c. less than 0-30, at. do: kHz
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Ripple less than 2 midiivolt p.tip; 

Mains variation up to + 10% from nominal 

Overload protection Electronic cut out incorporated 

Digital counter (Research Electronics Model 5321) 

Frequency measurement 

range O7EO; > KHz 

Revolution speed range 0O to 3 x 10° eels 

Accuracy of time 

measured with 1 kHz 

  

reference signal £70,001 Ss . 

Slip ring assembly 

Current rating 2.0 amps £.m.8. max. 

Circuit resistance 40 x 107° 9 max. 

(between slip ring and two brushes in parallel) 

Starting torque 0.25: Jet 28S. mat: 

Noise level less than 8 microvolt/milliamp 

Vibration meter (Bell and Howell Ltd.) 

Input impedance 10 ko 

Linear deviation less than + 3% of full scale 

Attenuation accuracy less than + 2% of set value 

For velocity measurement: - 

Frequency response to 3% Stam onz.. to 5 kez 

sensitivity (Vv x 1,0) 278.0 to 834.0 millivolt 

ive ue: OTR) 4iee. SO 63.4 Millivolt 

For displacement measurement: - 

Frequency response e 43: Thome Sue. to-S kee, 

Bonet eivacy im 2 2,0) 278.0 to 834.0 millivolt 

ia x 0,1) 27.8 to 83.4 millivolt
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Linear seismic transducers (Bell and Howell Gea.) 
  

Sensitivity (transducer 1)131 millivolt/in/s at 100 Hz 

(10k2 load) (transducer 2) 

Frequency range 

Natural frequency 

Amplitude range 

Torsiograph (Bell and Howell) 

Sensitivity (10k2 load) 

Frequency range 

Maximum revolution speed 

Natural frequency — 

133.5 Miclivolte/in/s at, 100) Hz 

Se Hie sO 25 Kz 

6 Hz 

O20 12) -D kar. 

8.8 millvolt/degree/s. 

Ups CO: LO kHz 

6,000. tap:. m. 

3°-HZ 

Oscillator (Dawe Instruments type 445) 

Frequency range 

Calibration accuracy 

Prstoreion 

Hum and noise level 

Output level 

O20!) .to dekh 

I+
 9 oe
 

of scale reading 

less than 0.5% over range 

20 HZ.to 1 kHz. 

less than 0.2% 

15 volts max., continuously 

variable. Minimum load 10 kf, 

Phase shifting adaptor (Dawe Instruments type 446) 
  

Frequency range 

Input 

Variable phase output 

Distortion 

Hum and noise 

O;.to: 10 KHZ 

Accurate quadrature signals 

Mp, CO oS. Veo Geom, S:. 

Continuously variable 

O. to 360° calibrated to + 2% ° 

Output at unity gain constant to 

within + 5%, Minimum load 20 ka, 

less than 28%. 

less than 13
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B94: Measurement of drawing speed 
  

Radius of drum 7 aa 

Reduction ratio of drum 

drive shaft worm gear 14.66 : 1 

Let V = drum surface speed (ft/min) 

I N = drum rotational speed (r.p.m.) 

n = worm rotational speed (r.p.m.) 

© = time for revolution: of worm: (min) 

as Vi = 9/12°x% 2aN 

Buc, n= 14.66 N 

oe, V = 9/12 x 21 x sone 

Now, mae 1/4t 

a V = 9/12 x 20 x pope = =F 

Where T= time-in min, f6y 1-f£t. drawn 

The digital counter counts the number of cycles from the 

oscillator in a revolution of the worm shaft, i.e. in t min. 

The number of cycles displayed on the counter is set at 1000 x 

Tt, such that tHe display represents 1000 x the reciprocal of 

: drawing speed in ft/min. 

thus 1000 T —- fx 60t 

  

where £f = oscillator frequency in Hz 

: i: 
Lees t = 6OF 

From above, 

HOOO x “4 14-566 x 12 

i COE x9 OT 
  

Les fis 207.2 HZ.



B95: Loadcell and torquecell calibration curves.
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B96 Derivation of the drawing force equation with back tension 
  

(From Hoffman and Sachs (106)) 

Assumptions: - 

1. Idealised metal, i.e. no elastic strains, no work hardening. 

2. Coulomb friction, coefficient constant, 

3. Uniform state of stress existing on all planes normal to 

the die axis. 

4. Cylindrical state of stress exists throughout, with the 

die axis being a principal direction. 

Considering the state of stress of the element bounded by 

the two transverse planes at a distance x and x + dx from the 

die cone apex, (see figure 47), yields the following 

equilibrium equation: - 

Tee 1 - 
ue pac, + 20, 4D] +2 pbdD + "UPFtana DdD = 0 

L 

where second and higher order infinitesimals are neglected, 

The yield criterion expresses the relationship between 

qe and p thus:- 

Os + p= °y 

where cy = the yield stress in uniaxial tension. (This 

relationship holds true for both the Tresca and Von Mises 

yield criteria.) 

Combining the two equations and setting 

  

B = u/tana 

yields:- 

ee _ 20D 

fo =" 9 o(1 4B) x 
x Y. 

Integrating yields:- 

a, : 
B in[o B ~ 0, (14B) | = “21nD 7 +.€ 

where C is the constant of integration.
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where C' = ee 

The constant C' is determined by considering the 

=o = the conditions at entry to the die where D = D,, o 
b x xb 

back pull stress. 

  

  

  

  

(1+B) B ites a cetacean 
: | xb °y B D 25 

b 

This gives:- 

Oo 2B 
ete +B) ieee (2_) + 9a 8 oe 

oO B Cy ro (5-) 
y °y b 

and the drawing stress, eG is:- 

Cen (Te) E B Cxp xB 
—_— = - x + 
0 B o 
y. - 

ae 2 
where r = (=) = area ratio 

Dy, 

The drawing forces are therefore related thus:- 

  
  

  

Pa 2. (248) | A 
—- = Ler + 
ai B aes 

ay. 

si (1+B) ee (1+B) 
Fa s ke B E e | + FLY 

1, Fe = Fa6 + KF) 

where Fas is the drawing force without back tension, and K 

is the back-pull factor. 

From the above, it may be seen that the back-pull factor 

K is a function of the reduction of area, the die angle and the 

coefficient of friction only, and is therefore constant for a 

given die and wire.
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B97: Measurement of the natural frequency of the drum 
  

This was achieved by observing the frequency at which 

the phase angle between drum oscillation and the periodic 

torque applied by the wire was 90°, To this end, mild steel 

wire of initial dlameter 0.1847 in. was drawn with a 

reduction of 26.38 at a speed of 2 ft/min. The. die was 

oscillated at a peak to peak amplitude of 20 x io in tor 

a range of frequencies, whilst recordings were made of die 

load and drum displacement. The results are shown in Figure 

48. 

B98: Measurement of the damping coefficient of the drum 
  

The determination of this parameter was attempted in 

two ways. Initially the frequency response was obtained by 

.drawing wire under the same conditions as described in section 

B97, Since for a fixed die amplitude, the cyclic force 

amplitude varied with frequency, the drum amplitude observed 

was converted to that corresponding to a fixed cyclic force 

amplitude. The drum amplitude was then plotted against 

frequency, and the damping coefficient obtained from the 

identity: - | | 
(wy -w) 

mar 2W 
n 

  

where as | and W, are the frequencies at which the drum amplitude 

is 1//2 times the maximum drum amplitude. This method was 

discarded since it was found that the drum response near the 

natural frequency was erratic, and therefore the shape of the 

response curve could not be determined with sufficient accuracy, 

This variability of response was investigated by ee oe 

a length of wire as above, but with the frequency fixed at the 

previously determined natural frequency. From this test it was



  

  

  

      

  

Torque ampl. Dram ampl. Damping coefficient. 

(1bf. in.) (rad. x 107*) S 
== —— = | 

1058 12,30 0.1405 

1058 9,30 0.1860 

1165 8.94 0.2135 

1025 12.75 0.1320 | 

1058 10.15 0.1700 

1220 8.56 0.2325 

1220 8.94 0,2230 

1000 12.68 0.1290 

1165 9.78 0.1950 

1165 8.94 0.2130 

1138 12,58 0.1480 

Die amplitude 20 x 107° in, pk. to pk. 

481 4.85 0.1620 

688 4.04 0.2780 

688 3.92 0.2870 

416 6.04 0.1130 

635 4.60 0.2260 

635 3.54 0.2930 

635 3.54 0.2930 

554 5.85 0.1690 

580 4.48 0.2120 

635 3.98 0.2610 

635 5.35 0.1940         Die amplitude 10 x 107° in. pk. to, pk,     

Average value of 5% = 0,198 

Maximum value 

Mininmum value 

= 0,293 

= 0,113 

_ Determination of the damping coefficient of the drun, 
  

Figure 49.
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observed that the drum exhibited naehad periodic fluctuations 

in its amplitude. It was initially hypothesised that this 

behaviour could be the result of periodic fluctuations in the 

drawing speed, so a test was conducted to investigate this 

possibility. This is described in section B99. However, no 

periodic fluctuations in the drum speed were observed. 

It was therefore concluded that-thes: variabidity in 

response was sheen nnete to real changes in the damping 

coefficient of the drum, and therefore could not be neglected. 

In view of this it was decided to estimate the range of 

variation of the damping coefficient, and to use both upper 

and lower limits in any calculation, 

To achieve this, wire of an initial diameter of 0.1847 in. 

was drawn with a reduction of 26.3% at a speed of 2 ft/min. 

The die was oscillated at the natural frequency of the drum, 

with amplitudes of 10 x 10-> an@ 20 x 107° un. peak to peak. 

Recordings were made of die loads and drum oscillation. The 

_ damping coefficient was calculated from the identity:- 

= 2 
— = T/20Tw, 

where T applied cyclic torque amplitude 

8 = amplitude of torsional oscillations of the drum. 

Eleven randomly selected points were used to calculate for 

each amplitude. The results are given in figure 49.
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Drum speed measuring device, Figure 50,
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B99: Measurement of the Constancy of the drum rotational speed 
  

It was decided to measure the drum rotational Speed by 

imposing equally spaced reflective surfaces about the 

circumference of the drum, and detecting the passage of these 

by means of a photo-diode. To this end the following equipment 

was constructed, 

Two Camiraced cardboard tubes were cemented together in the 

form of a vee, as shown in figure 50. The base of the vee was 

cut horizontally across and a copper plate was cemented over the 

joint opening of the two tubes. A narrow slit was cut in the 

centre of this plate in the plane of the vee. A small light 

bulb was secured with leads attached in one free end of the 

vee, whilst a photo-diode, similarly with leads attached, was 

secured in the other free end. These ends were sealed-off with 

Plasticine, and the whole assembly made light-proof by a liberal 

coat of matt black paint. Both faces of the copper end plate 

were Similarly painted. 

A strip of light-reflective adhesive tape was secured 

round the circumference of the drum, on top of which was 

bonded a matt black paper strip with regularly pitched holes 

punched in it. 

‘The vee assembly was fastened to a flexible clamp and 

positioned approximately % in. above the tape on the drum. 

The bulb was illuminated by a d.c. supply, which was also 

connected to the photo-diode, in series with which was an 

attenuating resistor and an ultra-violet recorder galvanometer. 

A drawing test was again conducted as previously described, 

recordings being mace of die load, drum oscillation, and the 

pulsed switching of the photo-diode, corresponding to the 

passage of a light~-reflecting circle under the detector, By
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Dimensions in inches, 

Slider for drum friction measurement, Figure 51.



  

    

  

    
  

Normal Load (bf). 

Test No. 4 8 ase 16 20 24 

4 0.84 1.42 1.88 2.63 3,27 4,20 

0.65 1.30 1.60 2.75 3.15 

2 1.00 1.50 1.95 2.70 3,25 4,30 

0.90 1.50 1,90 2.75 3.35 

3 0.75 1.30 1.70 2.25 2.75 3.55 

0.85 1.40 1.90 2.65 3.30 

4 1.00 1.55 2.10 2.80 3.50 4.60 

0.70 1.40 2,00 2.50 3.60 

Frictional force (l1bf). 1       

Weight of slider: 3.5 lbf, 
  

Normal load 4 8 12 16 20 24. 

  

    

      

Average 0.836 1,421 1.880 2,630 3.271 3,662 

frictional 

force 

4.0 
  

Friction force. 

(1bf). gD 
  

  

  

      

  

                                  

i 

3.0 per 

om 
ce 2.0 

rem 

75 
= 0,129 

1,0 Hoot F 

Lo 

a 
0 : 

0 4 8 12 16 20 24, 

Normal load. (1bf). 

Determination of the Coefficient of Friction Figure 52, 
  

+ 

between wire and drum, 
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counting the frequency of these pulses, it was concluded that 

there were no periodic fluctuations of speed corresponding to 

those of drum response. 

B910: Measurement of the coefficient of friction between 

wire and drum 
  

This was achieved using the slider shown in figure 5l, 

into which were inserted three lengths of freshly drawn wire, 

care being taken not to disturb the lubricant film upon them, 

By bending the wire into this slider, high normal pressures 

could be achieved at the interface, with small weights applied 

to the slider. The slider was pulled by a cord attached to 

it which was coiled round a pulley mcunted on the machine frame. 

A light spring balance was interposed in this cord to measure 

the tension in the cord. 

The slider was positioned before each test with the cord 

at right angles to the drum axis, and with the slider surface 

horizontal. The latter was achieved using a spirit level. 

The slider was symmetrically loaded with weights, and the 

pulley wound slowly. The force required to just sustain motion 

was noted. The wire samples were renewed after each loading 

and unloading. 

Initially, the results obtained by this technique were not 

repeatable, which was thought to be due to the varying surface 

condition of the drum. The drum was thus scoured with pumice 

and degreased, and the tests repeated, the position of the 

drum being changed for each set of wire specimens. Considerable 

scatter was still observed in these results, an average line’ 

being taken on the graph to give a mean value for the coefficient 

of friction. (see figure 52).



  

  

V/Xw. Cos why. whe 

0.0 1.0000 0.0000 

0.1 0.9999 0.0125 

0.2 0.9997 0.0247 

0.3 0.9993 0.0872 

0.4 0.9988 0.0497 

0.5 0.9981 0.9620 

0.6 O,9972 0.0745 

0.7 0.9962 0.0870 

0.8 0.9951 0.9995 

0.9 0.9938 0.1120 

1.0 0.9923 0.1245 

1.1 0.9907 0.1370           
Determination of the point of cessation of drawing in Die 3. 
  

  

Ss V 
Sin wt. ~ : : : 

(1 + r)kS 7 e  KW 

S. = 4.4655 lbf./in. ('18 in, die separation) 

S = 0.6026 lbf./in. (Simplified theory) 
b 

r = 0.7327 

k 0.55 

Figure 53.
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Evia Calculations for the tandem drawing theory 
  

The numerical values of the constants used in the 

calculations are:- 

A, = 0.02680 in? 

A= 0.01962 in- 

E = 30 x 10° lb£/in? 

Le = 18.0 in 

&, = 28.5 in 

R = 9. ©. in 

ioc =O. O30 

K = 8 gps 18 

From which are derived:- 

r= A) /Aa = 0.7327 

a at 4 ; 
Pa = A,E/2, = (44655 x LO. bt /in 

ge xe 4 : 
S), = AL E/2y =-©. 6026 x 10. Lbow/am 

The magnitude of the drop in drawing force in die (1) 

when changing from non-equilibrium to equilibrium is taken as 

the difference between the average of the observed peak 

oscillatory load in wire (a) and the average of the observed 

non-oscillatory drawing load. 

ive. ee 60lbf 

In the absence of any data for the corresponding drop in 

die (3), the same value is taken for this die also. 

i.e. AFL =. 260 bf 

The time at which drawing stops in die (3), ty, is 

calculated from equation (9), and shown in figure 53. 

The time at which drawing restarts in die (3), tz, 

assuming a long drawing period, is calculated from equation 

(24) by a graphical method. The equation is of the form:- 

cos ut. = Py ~ P. ut, - (25)



  

  

  

          

  

  

          

  

x (in, x 107? Z.b.pK. ) 

) V/Xw, | 1.0 1,5 2.0 2.5: 3.0 3.5 4.0 

Seman La 

0.1 2.0024 1.5907 1.3849 1.2616 1.1790 1.1202 1.0761 

0.2 1.7699° 1.3582 1.1523 1.0288 0.9465 0.8877 0.8436 

0.3: 11.5375 2.1258. 0.9200 0.7965... 0.7142 0.6553 0.6112 

0.4 || 1.3053 0.8986 0.6878 0.5643 0.4820 0.4232 0.3790 

0.5 | 1.0733 0.6616 0.4557 0.3322 0.2499 0.1911 0.1470 

0.6 0.8414 0.4297 0,2239 0.1004 0.0180 -0,9408 -0,.9849 

0.7 | 0.6096 0.1930 -~0,0079 -0.1314 -0.2137 -0,2725 -0.3166 

0.8 || 0.3781 0.0336 -0.2395 ~-0.3630 -0.4453 -0.5041 -0,5482 

0.9 || 0.1467 -0.2650 -0,.4709 -0.5944 -0.6767 -0.7355 -0.7796 

1.0 |-0.0846 -0.4963 -0.7021 -0.8256 -0.9080 -0.9968 

Py 

V/Xw. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
f i 

Poe 0.0124 | 0.0248 | 0.0372 | 0.0496 | 0.0620 | 0.0744 | 0.0868 

0.8 0.9 1.0 teh 

0.0992 | 0.1116 | 0.1240 | 0.1364             

Values of constants in equation 24, 
  

Fieure 54, 
ee 

 



  

  

  

              
  

Determination of the point of initiation of drawing in Die 3, 

  

X, tte, ae kt ke) 

V/Xw. || 1.0 1.5 2.0 2.5 3.0 3.5 4,0 

0.4 358 

0.2 358 332 324 319 315 

0.3 335 316 307 301 298 295 

0.4 358 309 296 288 284 280 278 

0.5 317 290 279 272 268 265 262 

0.6 297 274 264 257 252 249 246 

0.7 281 259 248 240 235 232 229 

0.8 265 243 230 220 215 210 205 

0.9 250 226 209 194 

1.0 234 201 

14 216 

wt. (degrees. ) 

  

  

(Long drawing period assumed), Figure 55, 
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0 0.2 0,4 0.6 0.8 1.0 

V/w 

Effect of velocity ratio and amplitude on the point of 
  

initiation of drawing in Die 3, Figure 56. 
  

  

(Long drawing period assumed), 

1,2



  

  

  

V/Xw. Pye Poe 

0.0 1,v000 0.0000 

0.1 0.7673 0.0124 

0.2 0,5348 0.0248 

0.3 0.3025 0.0372 

0.4 0.0703 0.0496 

0.5 -0.1618 0.9620 

5.6 , -0,.3937 0.9744 

0.7 0.6254 0.0868 

0.8 ~0.8570 0.9992           

Values of the constants in equation 24', 
  

Figure 57,



  

  

V/Xw. whe (Degrees), 

0.0 360 

0.1 315 

0.2 294 

0.3 277 

0.4 261 

0.5 245 

0.6 227 

0.7 201         
  

340 

300 ne 

  

  

  

  

260 
  

  

220 N\ 

| _ 
1 x 

0 0.2 0.4 0.6 0.8 1.0 

v/Xw. 

  

                          
Effect of velocity ratio on the point of initiation of drawing 
  

in Die 3, Figure 58, 

(Short drawing period assumed),
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where P, = coswt, ~ 20rkS, ces 
Xu 

(1+r)KS_+S) 

Ss AF 
x b a j wt, a b s 

(1+r)KS+S) X| (1+r) KS +S) | 

and 

ee ab Ve 
2 ameeremennmerateenees oem 

(1+r) KS +8) A 

The values of PL and P. were calculated for a range of 

velocity ratios, Uh wand amplitudes, X. The results are 

shown in figure 54, Equation (24) was solved by plotting the 

bothsides of equation (25), and noting the intercepts. The 

values of wt, obtained are shown in figure 55, and plotted on 

figure 56. 

The time at which drawing restarts in die (3), tz, 

assuming a short drawing period, is calculated from equation 

(24) by a similar graphical method. The corresponding values 

of Py and P, are shown in figure 57. The derived values of 

ut are shown and plotted on figure 58. 

In order to compare with experimental data, the reductions 

of drawing force were calculated using amplitudes and frequencies 

corresponding to the experimental data. Since it was assumed 

that there were no drum oscillations, the frequencies considered 

were those removed from the natural frequency of the drum, i.e. 

60, 80 and 100 Hz, 

Preliminary calculations showed that the force variation 

in wire (b) whilst drawing was occurring in die (3), was small, 

and it was therefore neglected. The calculated values of the 

reduction in total drawing force are therefore based on the force 

in wire (b) at the instant of initiation of drawing (i.e. at



  

  

  
  

x - V/Xw. Cos wt,. oF SF, 

ing: x 10 

Zab Bis 1bf. 1bf. 

Yrequency 60 Hz. 

1.9 1.0610 -~0,7431 22.9 43.5 

1.5 0.7074 -0 2079 106.0 - 2.6 

2,0 0,5305 0.0698 191.0 45.0 

2.5 0.4244 0,2419 277.5 92,5 

3.0 0.3537 0.3665 366.0 142.0 

3.5 0.3032 0,4540 454.0 190.0 

Frequency 80 liz, 

1,0 0.7958 0.0698 83.0 -14.6 

1.5 0.5305 0.2588 168.6 32.6 

2,0 0.3979 0.4384 256.9 81.0 

2.5 0.3183 0.5446 344.9 130.0 

3.0 0.2653 0.6157 432.9 178.0 

Frequency 100 Hz, 

1.0 0.6366 0.3584 121.2 6.7 

1.5 0.4244 0.5592 208.9 51.5 

2.0 0.3183 0.6691 298.1 104.0 

2,5 0.2546 0.7254 885.2 152.0 

3.0 0.2122 O,trea 476.41 202.0             
Computation of the reduction in peak drawing force, assuming 
  

a long drawing period, Figure 59, 
 



  

  

          

x V/Xw. Cos wis. OF. SF. 

in, = 10 

Zet.pk. lbf. ' bf, 

Frequency 60 Hz. 

1.0 1.0610 - 0.0 ~93.0 

1.5 0.7047 0.9409 6.0 -~89.7 

2,0 0.5305 -0.5075 89.5 44.2 

2.5 0.4244 0.2250 171.5 1.4 

3.0 0.3537 -0 0349 258.0 49.0 

3.5 0,3032 0.1045 344.8 97.0 

Frequency 80 Hz, 

1.0 0.79E8 ~ 0.0 -93,0 

1.5 0.5305 -~0 5075 66.0 —56 67 

2.0 0.3979 0.1564 150.0 -~10.5 

265 0,3183 0.0612 237.5 37.6 

3.0 0.2653 0,2217 325.5 86.0 

Frequency i00liz, 

1.0 0.6366 -0.7880 19.5 82.2 

1.5 0.4244 ~0 2250 102.8 —36 64 

2.0 0,3183 0,0698 190.0 11.5 

265 0.2546 0,2504 277.5 59.8 

3.0 0,2122 0.3746 366.0 108.0 

  

Computation of the reduction in peak drawing force, assuming 
  

a short drawing period, 
  

Figure 60. 
———- 
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t = t,). The magnitude of the force reduction was obtained by 

first calculating the degree of off-loading, SF, in wire (a) 

at-t: =. t This is given by equation (14). Qe 

Eee. On; = 25 ex (cosw to fe L) 
a a 3 

In the case where a long drawing period is assumed, this 

drop in force is relative to the non-oscillatory drawing force 

in wire (a), since drawing stopped and the off-loading started 

under equilibrium conditions. In the case where a short drawing 

period is assumed, it is relative to the peak oscillatory force, 

since it is assumed that the transient force has insufficient 

time to decay. 

Under non-oscillatory conditions, the front and back 

tensions during drawing are related by the equation:- 

F, = BFL.t Foo 

and under oscillatory conditions with a long drawing period: - 

Fy, = KF, - éF,) 4 Pies + AF 
b 

Thus in this case the reduction in drawing load is:- 

oF = KoF. = AFD 

However, under oscillatory conditions with a short drawing 

period:- 

-FL = K(F, + a ~ 6F.) + F + AF 
b b bo 

and therefore the reduction in drawing load is:- 

éF, = K(6F. ad AF.) a AF, 
b 

Figures 59, 60 show the calculated values of drawing force 

reduction, which are plotted on figures 44 to 46, together with 

experimentally observed values.



B912: Tensile test results fOr Wine.
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B913: Material compositions 

(a) ENZB Carbon 0.50% max 

Manganese 0.50% max 

Phosphorus 0.50% max 

Sulphur 0.50% max 

(bi) Vibrac 45 

Carbon O73oe. — O.145% 

1 leiCon: 0.30% max 

Manganese 0.50% — 0.70% 

Nickel 2,50% = 2;80% 

Chromium 0.50% - 0.70% 

Motybdenum 0.553 - 0.65% 

(c) EN24 
Carbon 0.35% = 0.45% 

Manganese 0.45% = 0.70% 

Nickel 1.308 —- 1 30s 

Chromium 0.90% - 1.40% 

Molybdenum O.2087 = 0.35%



PART C:  



General view -tube drawing. 
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Ci. = Introduction to Oscillatory Tube Drawing   

Cll: Basic Cansiderations 
  

The object. of this ened cicceaan Was ?to try. to achieve 

substantial reductions in drawing load by applying low 

frequency axial oscillations CO fixed plug tube drawing, and 

to investigate the mechanics of such a process. 

Previous work in this field of metalworking had been 

exclusively concerned with the application of ultrasonic axial 

og eure tone to one or both tools in fixed plug tube drawing, 

and to the die in tube sinking. All investigators reported a 

reduction in drawing force and some observed a reduction in 

chatter and improved surface finish. From the published 

results generally it is not possible to determine the extent 

to which the load reductions observed could be attributable to 

(81) succeeded in superposition. However, Winsper and Sansome 

recording the level of cyclic stress induced in the drawn tube 

when axial ultrasonic oscillations were applied to the plug. 

They observed a genuine reduction in drawing load, which was 

attributed to a reduction in plug/tube friction forces, with 

DOscabiy. Eviction reduction at the die/tube interface also. 

The only quantitative mechanism proposed to account for a 

reduction in plug friction is that presented by Verderevskii 

et a1 200) , where he suggests that the relative velocity of 

plug to tube periodically reverses, thus producing a periodic 

reversal of the friction vector. This effectively reduces the 

mean value of friction force on the tube bore. The investigation 

by Young (104) has verified this mechanism in the case of a plane 

Strain deep drawing analogue. Thus it is apparent that at 

ultrasonic frequencies the deformation only responds to the mean
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component of cyclic plug force. If this mechanism is the only 

one in reducing drawing forces, then ‘the greatest benefit 

which may be achieved is the elimination of plug friction when 

the ratio of drawing speed to plug speed is very low. 

It was believed that at low frequencies of oscillation 

the deformation would respond to the cyclic component of plug 

force. It was therefore decided to investigate the process 

where both die and plug were oscillated out-of-phase. It was 

considered that the oscillation of the die would cause the 

tube to be drawn intermittently and for a short period when the 

die was at its most backward position. If the correct choice 

of phase was made, then the plug force could be reduced, or 

even reversed during the drawing period, thus aiding the motion 

of the tube through the die. Thus in such a process, not only 

o the detrimental effects of plug friction eliminated, but 

also the friction force on the plug may be used to aid the 

deformation. This process has therefore a greater potential in 

reducing loads than has the application of ultrasonic 

oscillations to the plug alone. 

The purpose of this research programme was to investigate 

the possibility of such a mechanism, and to determine the 

underlying mechanics of the process. It was therefore decided 

to investigate the eireche of the following variables upon the 

plug force, die force and total drawing force: 

(1) frequency of oscillation 

(2) amplitude of oscillation 

(3) phase relationship 

The same modified bull block unit was used for this 

investigation, with vibrator 1 driving the drawing die and 

vibrator 2 the plug bar. A loadcell inserted between the ram
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of vibrator 1 and the dieholder measure the die loads, and a 

loadcell was also incorporated in the plug bar to measure the 

plug bar loads. The load in the drawn tube was derived from 

the aljebraic sum of these two loads, and checked using a 

strain gauge bridge mounted directly on the drawn tube. The 

same velocity transducers were mounted on the die-holder and 

the plug bar mounting flange to measure the plug bar and die 

displacement amplitudes.



C2. Equipment



Die holder - loadcell assembly. 
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C2... Equipment 

‘This investigation was conducted on the same bull block 

drawing machine as used in the wire drawing study, the only 

difference being that both vibrator units were turned round 

on their mounting flanges to accommodate the plug bar between 

the die, attached to yibrator 1, and the plug bar mounting 

flange, attached to vibrator 2. 

G2i: Drawing die 
  

The drawing die used throughout the investigation consisted 

of a tungsten carbide insert brazed into a mild steel case. 

The orifice had a straight taper of 12° and a throat diameter 

of O-5 in with a minimum parallel section. The mild steel 

case had.a diameter of 20835 in and length 1:575 in. This die 

unit was manufactured smaller than the standard size in order 

to minimise the inertia forces induced by the oscillations. 

C22. Drawing plug 
  

This was originally designed for use on a draw-bench using 

ultrasonic oscillations applied to the plug. It consisted of 

a tungsten carbide cylinder 0-5 in tong and 0-476 in outer 

diameter brazed over a K.Monel shank, 5% in long, the latter 

material being chosen for its good acoustic properties. 

Attachment of this shank to the plug bar was enabled by a 

- drilled and tapped hole in the end of the shank. A drawing of 

this unit is shown in figure 61. 

C23... Piug bar 

This was manufactured from IMI Titanium 318 alloy rod, 

having aadit ives of 6% Al., and 4% V alloy. The properties of 

this alloy are given in appendix 5. 

This material was chosen because of its combined lightness
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and strength, together with good falicué properties. 

Lightness was desirable to reduce the inertia of the attached 

mass on the vibrator and to minimise the severity of any 

transverse oscillation which might be induced in the plug bar. 

The plug bar had a diameter of O°4 in and a length of 

47% in. A loadcell was interposed between the plug bar and 

the plug shank, and attachment to this loadcell was enabled by 

a drilled and tapped hole in the end of the bar (see section 

C3). The other end of the bar was screwed into the mounting 

flange. In order to protect the leads of the loadcell which 

were passed up the plug bar to the mounting flange, two 

diametrically opposed slots were milled along the length of 

the bar to carry them, Araldite resin was used to bond the 

leads in the slots. These leads passed the screwed end of the 

bar via a centrally drilled hole. In order to minimise the 

weakening effect in the proximity of the drilled hole at the 

other end of the plug bar, the slot was discontinued in this 

region, and the wire passed over two diametrically opposed flats, 

1/16 in wide, machined on the bar. A drawing of this unit is 

shown on figure 62. 

C24. Plug bar mount 
  

To secure Pie lua bar on the end of the vibrator ram, a 

mild steel cylinder was screwed on to the end of the vibrator 

ram, on to which the mild steel plug bar flange was attached 

by means of three 3/16 in b.s.f. screws. Drawing of these units 

are shown in figure 62. 

C25. Die holder and flange 
  

In order to minimise the inertial loads induced in the die 

loadcell (see section C3) by the mass of the die holder, this 

was manufactured from HE1L5 aluminium alloy in the fully heat
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treated condition with a tensile strength of 44-1 tonf/in? 

and a proof stress of 39-4 ton£/in*. The composition of 

this alloy is given in appendix 5. 

The holder and flange were machined from bar, the latter 

unit being screwed to the loadcell. The holder was mounted 

on the flange by means of 6 x % in bolts. Details of these 

units are given in figure 63. 

C26. Material 

In view of the mechanical nature of low frequency 

oscillatory drawing evidenced by previous investigations, it 

was decided that only one material would be drawn in this 

investigation. The tube selected was a medium carbon steel 

because of its availability and ease of drawing. The 

composition and properties of this steel is given in 

appendix 5. 

The tube was supplied in 4 ft lengths in the fully 

annealed condition, and in three sizes, all with an internal 

diameter of approximately O-5 in. in order to obtain a 

‘minimum sink component in the reductions. The sizes were as 

follows:- 

Outer diameter Wall thickness 

(in) (in x 107%) 

Light reduction 0-527 12 

Medium reduction O*<'552 EB 

Heavy reduction 025.32 16 

These sizes gave a nominal sink component of 5% and 

Overall reductions in area of 12-3%, 24-5% and 293% 

respectively. 

Unfortunately there was insufficient time available to 

study the effects of reduction of area on the process, and 

all the tests were conducted with the medium reduction of 

24°:5%, save for one test conducted for the low reduction of
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La’ oe. 

Stress-strain curves for this material are presented in 

anendix 1. 

C27. Lubricant 

Prior to the initiation of drawing trials, it was hoped 

to use a straight mineral oil, SAE 90, as the lubricant. 

This was chosen for its relatively poor lubrication 

properties, Since the proposed oscillatory process was 

considered to be most effective for large plug forces, i.e. 

poor lubricant conditions in the tube bore, use of this 

lubricant would accentuate the reductions. in drawing force 

achieved. However, initial trials revealed a large scale 

variation in total drawing force, ani also a tendency for 

chatter to be induced, and therefore use of this lubricant 

was discontinued. The lubricant adopted for the investigat- 

ions was a commercial product, "Bondalube", consisting 

essentially of a baked or soap film (sodium stearate), 

Prior to the application of this lubricant the tube was 

“pickled and phosphated. Whilst this lubricant eliminated 

chatter and produced a reduced variability in drawing force, 

this latter phenomenon was not eliminated, and was considered 

to be due to observed variations in the thickness and texture 

of the film. An attempt to further minimise these effects by 

painting a thick soap solution on the outer surface of the 

tube and allowing to dry before drawing was only partially 

successful, and therefore this variability was reluctantly 

accepted.
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C3). anSstrumenta ton 
  

C3l. Die loadcell design and construction 
  

The load experienced by the die during drawing was 

measured by a loadcelil interposed between the die vibrator 

ram and the die holder. Connection’ were provided by means 

of an internal screw thread, 1% in B.S.F., for attachment to 

the ram, and an external thread, 14 in B.S.F., for the die 

holder. 

The loadcell was manufactured from carbon steel, EN24, 

heat treated to a tensile strength of 80 tonf/in?, The 

composition of this material is given in section B3l. 

The loadcell was essentially a cylinder of 1 in internal 

diameter, O.1 in wall thickness, designed to experience a 

Strain of 0°02% at the maximum load of 2,000 lbf. The full 

design details are given in figure 64. The cylindrical section 

was ground to size and eight foil strain gauges, resistance 

100 ohms, were bonded to the outer surface in the manner 

described in section B3l. Four gauges were equally spaced 

around the circumference in the axial direction, each of which 

had an adjacent gauge place in the transverse direction. These 

gauges were interconnected in the form of a Wheatstone Bridge, 

as shown in figure 65, thus compensating for both bending 

stresses and temperature rises. The voltage supplied to all 

bridges was 10v, d.c. 

C32. Plug bar loadcell design and construction 
  

The force experienced by the plug during drawing was 

measured by a loadcell interposed between the titanium plug 

bar and the plug shank. Interconnection was via integral studs, 

% in B.S.F. machined on the loadcell extremities. The loadcell
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was manufactured from EN24 carbon steel (see section B913) 

heat treated to a tensile strength of 80 ton£/in*, 

The loadcell working section was a cylindrical rod, 

5/16 in, diameter, designed to experience a strain of 0-02% 

at the maximum load of 500 lbf. A detailed drawing of this 

component is given in figure 66. The working section was 

ground to size, and four foil gauges of 120 ohms resistance 

were bonded in the usual manner to this surface. Two gauges 

were positioned axially, and two transversely, each pair 

being diametrically opposed. These gauges were inter- 

connected in the form of a half-bridge, as shown in figure 

67, the other side of the bridge being two high stability 

resistors, resistance 260 ohms. 

In order to reduce the vulnerability of the leads passing 

from the working section to the plug bar, two diametrically 

opposed flats, 1/16 in wide were machined from the working 

section to the edge of the loadcell. To facilitate assembly 

spanner flats were machined on the other end of the loadcell. 

In order that the flats Scr the loads on the plug bar and 

loadcell were aligned a soft copper washer was inserted in 

the joint, after being ground to the correct thickness. A 

similar connecting washer was used at the junction between 

plug shank and loadcell. In order that vibrations did not 

cause the units to unscrew during operation, a screw thread 

locking compound was used at both junctions. 

C33. Loadcell on: drawn: tube 
  

In order to check the accuracy of the derivation of the 

drawing load from the die and plug loads, strain gauges were 

bonded directly to the drawn tube for a selection of amplit- 

udes and frequencies. Two axial gauges of 100 ohms resistance



Bridge on drawn tube. 

 



  

    

    
Gauges 3 and 6 are active, gauges 4 and 5 are dumny,. 

Blements 1,2,7,and 8 are 100 ohm, high stability resistors, 

  

Strain gauge bridge on drawn tube, 

Fipure 68,



(164) 

were bonded in the usual manner to the drawn tube in 

diametrically opposed positions to compensate for bending. 

Two gauges were similarly bonded to a section of unstrained 

drawn tube, these forming the dummy gauges for temperature 

compensation. In order that this bridge could be powered by 

the same 10v d.c. supply, each arm of the bridge consisted 

of a gauge and a high stability resistor of 1002 as shown in 

figure 68. These resistors served to reduce the sensitivity 

of the bridge to a level acceptable to the d.c. amplifiers, 

and to ensure that power dissipation by each gauge was at an 

acceptable level. 

In order to minimise electrical noise, all leads 

associated with these bridges were screened. 

G34. Other instrumentation 
  

For the reasons given in section B34, che outputs of 

these loadcells were amplified using the d.c. amplifiers 

described in that section. Again, a frequency compensating 

input network was employed for each amplifier. The gain of 

each amplifier was adjusted to give an adequate deflection 

of the galvanometer under test conditions. 

The oscillatory displacement of the die was measured by 

the velocity transducer and meter described in section B35. 

The transducer was mounted on the die holder. Similarly the 

other velocity transducer was mounted on the plug bar mounting 

flange to measure the amplitude of oscillation imparted to 

the plug bar. The signals from both vibration meters were 

recorded on the ultraviolet recorder, and also displayed on 

the oscilloscope in order that the phase relationship between 

die and plug bar could be observed during testing, and 

recorded permanently.
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During anitial investigations it was observed that the 

position of the plug in the die throat affected the drawing 

load. In order to maintain the relative positions of die 

and plug during testing, the outputs from the displacement 

transducers in the control systems were connected to a d.c. 

voltmeter, and also recorded on the ultraviolet recorder. 

The signals to the recorder were smoothed by resistive - 

capacitive networks, which also served to adjust the 

galvanometer sensitivities.
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C4. Calibration of load recording equipment 
  

G41. Static calibration of die. Yoadcell 
  

The loadcell was calibrated in. tension using a Denison 

dead-weight testing machine. The load was applied using two 

mild steel adaptors, which terminated in tongues, suitable 

for gripping in the jaws of the testing machine. One 

adaptor was screwed into the internal thread of the loadcell. 

The other had an enlarged cylindrical end, of the same 

“diameter as the die, and was placed in the die holder, with 

the tongue protruding, before assembly. 

The loadcell was calibrated for loads up to 2000 lbf 

by the same technique as described in section B4l, a typical 

calibration curve being presented in appendix 2. 

C42. Static calibration of plug loadcell 
  

The loadcell was originally calibrated before assembly 

of the plug bar in the en flan dead-weight testing machine. 

However, circuit modifications after assembly necessitated 

the recalibration of the plug load cell after incorporation 

in the plug bar. This was achieved by moving the plug 

wibretor flange towards the die by means of the leadscrew 

until the head of the plug protruded through the die holder. 

A mild steel clamp was then attached to the head of the plug. 

The load was applied by moving the plug vibrator backwards 

by the leadscrew, and recorded by the calibrated die -loadcell. 

After allowing sufficient time for the amplifiers to 

stabilise, the loads were applied in approximately equal: 

increments up to 500 lbf, and released with similar 

decrements, to zero, records being taken of the galvanometer 

deflections at each stage. A typical calibration curve is 

shown in appendix 2.
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Calibration by this technique necessitated the load in 

the die loadcell to be compressive, but since the strains 

experienced were small (<0O-02%), this was considered to be 

satisfactory. 

C43. . Dynamic calibration of loadcells 
  

The frequency response of the amplifiers was matched to 

that of their respective galvanometers to give a flat response, 

+ 3%, in the range 0 - 150 Hz, by the technique described in 

section B44, The input networks necessary for each amplifier/ 

galvanometer unit are shown in figure 69. 

C44, Measurement of referred inertia of die/loadcell 
  

assembly 
This was achieved by the technique described in section 

B45. The effective mass of the assembly was found to be 

6-24 lb. 

The inertia forces induced in the plug bar loadcell when 

the plug bar was oscillated freely were found to be negligible. 

The plug was therefore considered massless in the analysis of 

the plug forces signals.



C5. Experimental procedure
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C5. Experimental Procedure 
  

Before the commencement of each test series, the 

electronic equipment was switched on for one hour to allow 

time for the units to stabilise. The outputs of the d.c. 

amplifiers were balanced to give zero galvanometer deflections 

under zero load. 

A length of tube was swaged down at one end to pass 

through the die, and placed on the plug, bar, which was bolted 

in position on the plug bar mount. The hydraulic compressors 

were SWithOHed on, the die positioned so that the output from 

the servo system displacement transducer was zero, and the 

plug moved hack to be well clear of the die. The outputs of 

the amplifiers were balanced .and a record taken of their 

zero positions. Drawing was commenced and the plug moved 

into the die throat until the output from the servo system 

displacement transducer was zero. Under these conditions of 

zero Output from both position transducers, the position of 

the plug vibrator mounting flange was such that the contact 

length on the plug was approximately 0-08 in. The drawing 

speed was adjusted to the required value if necessary and a 

record taken of the drawing loads. The machine was stopped, 

the plug moved back to clear the deformation zone, and the 

stress in the drawn tube released by reversing the drum a 

short distance. Under this unloaded condition, a record was 

again taken of the galvanometer deflections. 

For the subsequent oscillatory test, the frequency of 

oscillation was set for the vibrators on the low frequency 

oscillator, the vibrators switched on, and the requisite 

amplitude adjusted approximately. Because the d.c. amplifiers 

in the oscillator drifted slightly, the die position was
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again adjusted to give zero output from the position transducer. 

The phase angle between the die and plug bar oscillations was 

set on the phase shifting adaptor using the oscilloscope. 

Drawing was commenced and the plug moved into the die orifice 

until its position transducer again gave no signal. The 

amplitudes of oscillation and drawing speed were adjusted 

when necessary, and a record taken of the oscillatory drawing 

loads. Drawing was terminated, the vibrators switched off, 

and the loads in the system released as described above. A 

record was taken of the unloaded galvanometer deflections. 

Tests using a strain gauge bridge mounted on the drawn 

tube were conducted as above, the non-oscillatory drawing test 

serving to calibrate the bridge, using the recorded plug and 

die forces. A simple check on the linearity of response of 

the tube load recording equipment was provided by recording 

both the sinking and subsequent drawing load under non- 

oscillatory conditions. In all cases the calibration was found 

to be linear. 

In order that the stiffness of the drawn tube was held 

as constant as possible during the oscillatory tests, 

recordings were not made until the drawn tube contacted the 

surface of the bull-block drum, i.e. when the gripping jaws 

and associated chain were coiled on the drum. The wire drawing 

investigation showed that even under these conditions the 

stiffness of the drawn product was variable due to the partial 

loads experienced by the coiled product on the drum. However, 

since only short lengths of tube could be drawn, this 

variability could not be avoided. 

During these tests where high amplitudes were used, and 

hence compressive forces were induced in the plug bar, gchis
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element was frequently forced into transverse oscillation, 

especially when the majority of tube bad been drawn, and its 

constraining influence on the plug bar was not effective. 

Under these conditions it was therefore necessary to 

damp out the oscillations manually. 

Initial tests showed that after several tests there was 

a lubricant build-up at the entry to the die. It was 

considered that such a build-up could affect the lubricant 

conditions at the die tube interface, and therefore the die 

was periodically cleaned. Similarly, a build-up of lubricant 

was observed on the plug; this also was removed after each 

tess 

It was observed during early investigations that the 

bore of the tube, and to a lesser extent the outer surface 

exhibited Nene Hahk knees especially at the lower frequencies 

and high amplitudes. This was considered to be the result of 

the edge of the plug indenting the tube as it was pushed into 

the tube bore by the vibrators. To overeome this, the sharp 

edge of the plug was ground away. This had the effect of 

reducing the severity of the marking, but did not remove it 

completely under all conditions. To quantise this effect, 

several tubes were drawn under various oscillatory conditions 

and their surface topography measured axially on a Talysurf 

machine,
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6.. Results _ 

The experimental data obtained from this investigation 

are presented in graphical and tabular form at the end of 

this section. All tests were conducted at a nominal speed 

of 2 ft/min, with a reduction of area of 24°5%, except in 

one case where the reduction is 12°33. 

Graphs 1 to 8 show the observed values of plug and die 

maximum and minimum forces, and the derived values of 

maximum and minimum drawing force. 

Graph 1 shows the results of the test designed to 

determine the optimum phase angle between plug-bar and die 

oscillations. In this case the frequency of oscillation was 

60 Hz and both plug and die amplitude was 10 x oe in peak 

to peak. 

The results of tests conducted to investigate the effects 

of frequency and amplitude are shown in graphs 2 to 6 

corresponding to frequencies of 40, 60, 80 and 100 Hz 

respectively. The phase angle for these and subsequent tests 

was 180°, ‘The amplitudes of oscillation in each test were 

the same for both plug and die, and were increased in steps 

Of =2: x Los in peak to peak until the transverse oscillations 

of the plug bar became excessive. 

Finally, two tests were conducted with only one tool 

oscillating at 60Hz. Graph (7) shows the effects of 

Oscillating the die only, and graph (8) the plug bar only. 

The remaining graphs were constructed from data obtained 

from the above mentioned tests. 

The relationship between the reduced plug bar load and 

the die load at the instant of drawing is shown in graph (9).
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Graph (10) shows a comparison between calculated and 

observed values of plug bar force variation: 

Finally, graph (11) shows the magnitude of the reduced 

drawing force as a function of amplitude for the whole 

range of frequencies. 

The data presented in graphs (9) to (11) correspond to 

the results presented in graphs (2) to (5). Due to the 

degree of scatter observed in the experimental data, the 

values of force used in the former graphs are taken from the 

averaged curves on the latter graphs. 

The results of the tests using a strain gauge bridge 

on the drawn tube are presented in tabular form at the end 

of this section, together with the surface finish records 

of the drawn tube.
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$7 7D 
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0 z 
0 2 [4 6 8 10 12 

'“—_—» Die and plug amplitude, in. x 107° De Ger De 

© 40 Hz. Ag. 80 _DZ 6 

©1660: He. + 100 Hz. 

Drawing speed 2 ft/min, Plug and die osciilating in anti-phase, 

Reduction of area 24.5%,



  

  

  

  

  

          

  

                  

ae ie L2 Le Ly baa 
D.tie, (1pf ) (1bf ) (ing)? | (bt) (1bf) (1bf) 

Frequency 40 liz. Die and plug oscillating. 80° phase, 

0 956 299 1255 

4 938 793 314 169 4:4 1107 1107 

6 982 738 337 76 1058 1075 

8 1033 629 376 - 39 994 1005 

10 1055 595 342 -103 947 937 

12 1136 514 368 ee 904 882 

. Frequency 60 Iz, 

0 888 273 1164 

2 951 798 310 200 1151 1108 

4 996 728 316 89 1085 1044. 

6 957 587 287 ~- 21 934 970 

8 1000 545 271 118 882 816 

10 970 4.09 271 -200 770 680 

12 1045 302 295 -350 695 597 

Frequency 80 Hz. 

0 892 294. 1186 

2 940 762 306 163 1103 1068 

4 986 651 314 47 1033 956 

6 1062 515 321 - 89 973 846 

8 1056 350 306 ~-187 869 656 

10 1028 230 300 342 686 530 

Frequency 100 Hz, 

0 857 : 264 1121 

2 916 710 252 100 1014 962 

4 963 587 276 = 26 937 863 

6 977 364 310 -153 824. 674 

8 991 224 284. -272 719 508 

10 1016 164 329 ~300 716 493 
  

Drawing speed 2 ft/min, 24.5% reduction in area, 

 



  

            
  

              

  

  

          
  

    

ed Ld Lt L2 Le ye i 
lead. 2d (ape) | (ive). | (ibe), | (aot) | (bt) * 4 tree) 

Frequency 60 Uz. Die and plug amplitude 10 x 107° in, p.t.p. 

90° 10614 554 450 103 1164 1004 

132° 1085 472 395 -105— 980 867 

180° 1071 ATT 368 -163 908 845 

221° 1098 512 390 ~147 951 902 

270° 1028 637 342 ae 1028 997 

Non ~ oscillatory forces:~ 

927 350 . 1277 

Plug only oscillating. Frequency 60 Hz. 

Ampl. 4 

in.xi0 

D.GePe. 

4) 848 223 1074 

4, 866 . 800 252 163 1029 1052 

8 883 750 234 47 930 984. 

12: 916 716 231 - 47 869 947 

16 958 616 24.7 -195 763 863 

20 912 554. 258 =231 681 812 

Die only oscillating. Frequency 60 Hz, 

) 877 236 1113 

of 945 809 240 158 1104 1049 

8 942 681 253 95 1037 934 

12 1004. 561 . 258 = 32 972 819 

16 998 382 290 ~200 798 672 
20 1023 268 336 274 TAT 604             
  

Drawing speed 2 ft/min. 24.4% reduction in area, 

 



  

Ampl, 

  

  

              

  

              

  

  

  

ae Lt Lt Le Le La i 

a (1pf) (ibf) (1pf) (1pf) (1bf ) (1pf) 

Frequency 50 Hz, 180° phase angle, 

5 1006 594 302 oss 943 896 

from bridge 966 879 

10 1090 430 342 174 916 de 

from bridge 923 785 

| 

Frequency 100 Hz. 180° phase angle. 

5 1119 609 369 | ae 1087 978 
from bridge 1104 970 

10 4040 284 316 | ~263 777 600 
from bridge 778 595 

| 

Drawing speed 2 ft/min. 24.5% reduction in area. 

Frequency 60 Hz, Die and plug oscillating. 180° phase, 

0 492 348 840 

2 568 390 400 248 816 790 

_ 605 303 395 137 742 6938 

6 586 1514 337 0 586 488 

8 559 54 253 ~-179 380 307 

; 10 565 - il 145 3384 181 134               

Drawing speed 2 ft/min. 12.3% reduction in area, 

  

 



INGS CROYDON 

  

Inside surface, Cu GL... Ay value 0.580 

Outside surface, C. i. A. value 0.7380 

  

SENSITISED COATINGS CR 

Non — oscillatory, 2 ft/min,, 24.5% reduction. 

Vertical x 5000, horizontal x 100,



  

  
      

    

ATINGS CROYDON 

  

Inside surface, C. L. A. value = 0,920 

\ 

Outside surface, C. L. A. value = 0,700 

    ATINGS CROYDON _ 

40 t., & x 10° ih.p. t. ps, 2 ft/min,, 24.5% seduction, 

Vertical x 5000, horizontal x 100,



  

  

SENSITISED COATINGS CR 

Inside surface, GO. L. Aé. value 1.100 

Outside surface. C. L. A. value 0.930 

SENSITISED COATINGS C 

  

40 Hz,, 10x 10 in, p. t. p., 2 ft/min,, 24.5% reduction. 

Vertical x 5000, horizontal x 100.



ATINGS CROYDON 

  

Ynside surface, Cc. L. A. value = 1.000 

Outside surface, C. L. A. value = 0,700 

_SENSITISED COATINGS 

  

109 Hz., 5x 1073 in, p. t. p., 2 ft/min,, 24.5% reduction, 

_ Vertical x 5000, horizontal x 100,



  

ale 2 es 

ATINGS CROYDON 

  

Inside surface, C. L. A. value = 0,600 

Outside surface, C. L. A. value = 0,300 

  

SENSITISED COATINGS 

100 Hz., 10 x 107 in, p. t. p., 2 fi/min., 24.0% reduction, 

Vertical x 5000, horizontal x 100,



Cy Duscussion of Results
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Cia DIScCUSSi1On Of Results 
  

In order to evaluate the results obtained from this 

investigation it is first necessary to restate the proposed 

mechanism for drawing force reduction by this technique. 

The basic principle was to oscillate both the plug and 

the die in such a manner that, when drawing was taking place 

through ae die, the motion of the plug bar relative to the 

die was such that the force applied by the plug to the 

deformation zone was diminished, thus reducing the force 

necessary for drawing. 

The relationship between drawing force and plug force 

under these conditions was investigated theoretically, the 

results of. which are shown in appendix 3. This shows that 

there is a linear relationship between the back tension 

applied by the plug and the corresponding drawing load. Thus 

the process is similar to wire-drawing with applied back 

tension. This relationship may be expressed thus:- 

Peg eo ere (1) 

where Pe force in drawn tube. 

Fy = plug force, 

Fig = force in drawn tube for zero plug force. 

(frictionless over plug), 

K = back pall factor, 

The die load may be easily shown to have a similar 

relationship with plug load, 

ive Faq 7 F Te CF ne ne nO me Oe oe 8 ae Om oe SS Gee EE we On Om Oe ee oe Oe coe (2) 

where Fa = die load, 

Figs = die load for zero plug force. 

Cea ie Kk 

Thus it may be seen that the drawing force increases



(174) 

and the die load decreases in proportion to an increase in 

plug force. 

In view of the above observations the following features 

are to be expected in the experimental data corresponding 

to plug and die oscillations in anti-phase, 

The maximum tensile force in the plug bar will occur 

when the tube slips over the plug in the direction of 

drawing. This will occur when the plug bar mount and die 

are at their furthest distance apart. Provided that the die 

pressure and the frictional conditions at this instant are 

identical to that experienced during non-oscillatory drawing, 

the force in the plug bar at this instant should be equal to 

the non-oscillatory plug bar force. Graphs 2 to 5, relating 

to 24°5% reduction of area, show that the maximum force in 

the plug bar is in fact slightiy increased by oscillations. 

This is thought to be caused by sticking friction between 

the plug and the tube resulting from the intermittent rotwe of 

movement between these two members. This feature is also 

shown for the lower amplitudes in graph 6, (12+-3% reduction 

in area). However, for the higher amplitudes the maximum 

plug bar force is progressively reduced, This is thought 

to be due to the lower values of minimum die load observed, 

constituting a reduction in the normal pressure on the 

plug and hence a reduced frictional constraint on relative 

movement. 

The plug bar mount and die now move towards one another, 

releasing the tensile strain on the plug bar, and reducing 

the plug bar force. For a given plug bar stiffness and 

neglecting the movement of the tube relative to the tools, 

this reduction in plug bar force will be proportional to 

die and plug amplitude. This effect is clearly demonstrated.
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When the die reaches its most backward position 

relative to the drum, the force in the drawn tube reaches 

a maximum and drawing occurs. However, from the above 

observations, the back tension applied by the plug at this 

instant is at a minimum, and less than its corresponding 

non-oscillatory value. Equation (2) shows that a reduction 

in plug bar load causes an increase in die load when drawing 

occurs. This increase is again clearly demonstrated in 

graphs (2) to (6). Graph (9) shows the relationship between 

plug and die load at this instant, and while considerable 

scatter is evident in the results there is a general trend 

tua cde higher die loads for reduced plug loads. In the 

case of wire drawing described in section B, it was possible 

to obtain experimentally the back-pull factor, and thus 

compare the relationship between die load and back tension 

during drawing under oscillatory and non-oscillatory 

drawing. Unfortunately in this instance this was not 

possible since drawing could not be conducted without back 

tension applied by the plug. Therefore it is not possible 

to assess the magnitude of one rise above the non-oscillatory 

drawing force which may occur. 

Equation (1) predicts a reduction in drawing force 

proportional to the reduction in plug bar force described 

above. Again, the graphs clearly show this. 

The reduction in drawing force and the increase in die 

load has been shown theoretically to be proportional to the 

reduction in plug bar load. Since generally the maximum 

plug bar load is constant, and the variation of plug bar 

load is proportional to die and plug amplitude, then the 

reduction in drawing force and increase in die load 

associated with this will be similarly proportional to 

amplitude. Again this is indicated in the experimental data.
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Subsequent to this drawing period, the die moves 

towards the drum and drawing stops. Further motion of the 

die causes a release of the tensile ooiees in the drawn tube, 

the magnitude of which is again proportional to amplitude. 

Thus the reduced drawing force is the maximum load the tube 

sustains. This release of strain in the drawn tube is not 

clearly observed at 40 Hz. This is considered to be the 

result of the drum oscillating in phase with the die and 

with comparable amplitude, since this frequency is just 

below the natural frequency of the drum. Under these 

circumstances the drum motion tends to minimise the effects 

of die oscillation on the forces in the drawn tube. 

During this period the die and the plug bar mount will 

move apart, increasing the tensile load in the plug bar up 

to its maximum value. This increase in plug bar force and 

decrease i torce in the drawn tube, both proportional to 

amplitude, will result in a net decrease in the force on 

the die, again proportional to amplitude. 

As in the case of wire-~drawing, the above description 

of behaviour does not account for all the effects observed. 

It may be easily seen that for a given amplitude, the 

“Magnitude of cyclic stress, and hence the reduction of 

drawing force is greater at the higher frequencies. again, * 

this is considered to be due to the reduced relative 

movement between the tube and the tools per cycle under 

these circumstances. Since the response of the drum to the 

cyclic forces tends to confuse the effect of frequency on 

the process, it was again decided to consider the force 

variation in the plug bar, where the effects of drum 

oscillations are minimal. Graph (10) shows the relationship 

between computed and actual force variations in this member, 

the former value being obtained by assuming a fixed contact
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between the plug, die and tube. As in the case of wire 

aGrawing, the slopes of these curves express the efficiency 

of coupling between the members. From these curves it may 

be seen that the coupling efficiency increases with 

thGréasing frequency, i.e. decreasing relative movement per 

cycle. Since this level of cyclic force variation in the 

plug bar dictates the minimum value of plug force, the 

effect of frequency will be similarly shown in reduction 

in drawing force, - shown in at (11). Here it may be 

seen that the reduction in drawing force increases with 

Pereas tng amplitude and frequency. 

In order to obtain a quantitative understanding of the 

effects of frequency, an analysis of a similar nature to 

that conducted for wire drawing was attempted. However, no 

accurate predictions were possible since no data was 

available on the magnitude of the rise above the non- 

oscillatory drawing force, if indeed it existed in this 

case. The wire drawing analysis showed that this parameter 

was important in the analysis if accurate results were to 

be obtained. Similarly, the non-oscillatory back pull 

factor was unknown in this case. However, in view of the 

close similarity between the two processes and the results 

obtained from them, it may be concluded that the effect 

of frequency is qualitatively identical. 

Graph (7) shows the results obtained when the die only 

is oscillated. Here the behaviour is similar to that 

relating to both tools oscillating, but twice the amplitude 

is required to achieve the same reduction in drawing load. 

Since all the oscillatory energy is put into the process 

at the die, this results in a greater cyclic force in the 

drawn tube,
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The behaviour is modified, however, when only the plug 

Dab 1S OSCii tated, In ea case, the maximum force in the 

drawn tube does not occur when the plug bar force is a 

minimum, At this instant drawing occurs, but since there is 

no shbeedton’ forward motion of the die to release the strain 

in the drawn tube, the force in that member is not released. 

Indeed, the motion of the drum increases the load in the drawn | 

tube. The motion of the plug bar at this time causes a rise 

in the plug force, however, so drawing will not occur during 

this period, since the increase in plug bar force is well in 

excess of the increase in front tension in the drawn tube, 

Thus the behaviour when one tool only is oscillated is 

Similar to that observed in wire drawing, and in both cases 

the deformation does respond to the cyclic component of 

back tension. 

Graph (1) shows the effects of phase angle between plug 

and die oscillations on the prodeust and it may be seen that 

the maximum reduction in minimum plug load is obtained for 

oscillation in antiphase, since in this case there is the 

greatest relative movement between the die and the plug bar 

mount. This is reflected in the reduction in drawing load 

in the drawn tube. 

Before the start of this experimental programme, a 

theoretical investigation was conducted into the effects of 

plug and die oscillation on the tube drawing process 

(appendix 4). In this case it was assumed that the motion 

of both tools at the deformation none was sinusoidal. The 

object of the analysis was to derive the optimum phase angle 

between die and plug oscillations, and the maximum drawing 

speed possible to achieve beneficial results. If the 

motion of the plug is purely sinusoidal then the force
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on the plug bar is fixed in magnitude but alternating in 

sign, depending upon the direction of motion of the plug 

relative to the tube. The analysis stowed those conditions 

under which the plug motion was such as to push the tube 

through the die throughout the whole of the period when the 

tube was drawn through the die. This drawing period was 

arrived at using the simple theory described in section 

B71(a). 

However, it became clear during the initial stages 

of this investigation that this theoretical analysis was 

not strictly relevant to the process considered. Whilst 

the motion of the plug bar mount was sinusoidal, the 

elasticity of the plug bar allowed relative movement of the 

ends of the plug bar, resulting in a non-sinusoidal motion 

of the plug, thus making the analysis invalid. 

If ultrasonic oscillations are employed, however, then 

sinusoidal motion of the plug may be achieved without 

difficulty, since the static stiffness of the plug bar is 

not important in this case. It is thought that under these 

circumstances the theory will be valid.



C8: Appendices



C81: Tensile test results for tube.
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Stress —- strain curves; light reduction tubes,  



Stress — strain curves; medium reduction tubes, 
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G82. Loadcell calibratron-curves.:
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Forces acting on tube element in die, Figure70.
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C83: Determination of the back pull factor for tube drawing 
  

(Based on the tube drawing theory of Hoffman and Sachs (107)) 

Assumptions 

(1) There is no sine component in the reduction, i.e. close 

pass, 

(2) The shear stress on the plug during drawing is constant 

over the whole contact surface. 

(3) The deformation is Pianeveccein 

(4) The stresses normal to the tool surfaces and in the axial 

direction are principal stresses, 

(5) The normal pressure on the tube in the deformation zone. 

is constant throughout its thickness at any normal plane, 

(6) The axial stress in the tube is uniform across any cross- 

section: 

(7) The thickness of the tube is small by comparison with its 

diameter, 

Consider the equilibrium of the element shown in 

figure 70, 3 

Resolving horizontally, 

(oy + do) mD(h + dh) - o,7Dh + mDptanadx 

+ mDyupdx + mDtdx = O 

dh Tees 
ng, a eo) i.e. hds, + Qdh + pdh typ = 

a 

(neglecting second order terms and substituting at = tana) 

Now, from the Von Mises yield criterion, 

p= oy =O where oy = 2y/V3 

" y yield stress in uniaxial tension, 

Substituting for p in (1) yields:- 

  

o — hdo, + Jo, (1+B) +. Bowe oon en = 0
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ee. 

do 

h [Bo - (14B)0,, - = | 

Integrating yields. ; 
‘ TU 

1h =< ln Bo, ~(14B) 0, - - + C 
tana 

where C is the constant of integration, 

Now, when h = hye te. * oy 

aoe a a c Thus inh, me 1n| 6,, (148) Sao kG 

a Se oa Me c ee ae GS inh, LT oy (1+B) os 

Thus lin tb = . ln ne Z se Shan 

b < © .f143) «2% /tang 
yi 

noe. (1+B)oy + t/tana - Boy eee fa 
b (1+B)o° + t/7tan -« 

y 

Saat ic oe Ie es 

Thus the drawing stress may be obtained by substituting 

h = he in equation I, 

The relationship between the shear stress on the plug and 

the plug bar load, Foe is as follows: 

Aya) ne 

p 

  

tan o 

where y is the plug diameter, 

Furthermore the drawing force is related to the drawing 

Stress thus:- 

C1 boh, = F 
x c 

Py = the force in the drawn tube 

Substituting in equation I:- 

F h - 1 a,B gE ee ase || miohe " Y bee a 

 



    

F is the drawing force for zero 

shear stress on the tube bore (i.e. 

frictionless in bore) 

Kis. the back pull’ factor. for the 

plug 

oy dade
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C84: Theoretical study 
  

Prior to the initation of the experimental programme, 

a theoretical study was conducted to determine the effect 

of the parameters on the forces during drawing. 

Symbols Suffices 

xy die amplitude i: .die 

X, plug amplitude 3 - 2 tube at die 

a) angular frequency 3. drum 

V drum velocity 4 plug 

n X5/X4 

c time 

x instantaneous displacement 

Assumptions 

(1) Infinitely stiff drawing machine (V constant with time), 

(2) No slipping of the drawn tube on the drum. 

[ot The drawing force is constant during the drawing period, 

(4) Inertia forces in the tube are negligible. 

(5) A parallel plug is used, therefore only friction forces 

‘are experienced by the plug bar, 

It is taken that the die has a 5 phase lag relative to 

the plug, and at t = 0 is at its maximum distance from the 

drum, and drawing is taking place 

Vee. hee X, cos wt GD) 

xy = Xo sin Of (2) 

These conditions are adopted since when the die is at its 

most backward position, and hence the tube is being drawn, the 

plug has its maximum forward velocity, and is therefore in the 

most favourable situation to push the tube through the die,
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Drawing will stop when the velocity of the tube relative 

to the die is zero. Now since drawing occurs under constant 

load there will be no relative movement of the ends of the 

tube during this period. 

oe. ko = &, = V ; (3) 

Now, drawing stops when x, = Xr att = key say. 

*,. from above, 

x sin aoe = V 

wt, = Sin = @ say (4) 

O-« #...<. 9/2 

For drawing to have stopped at the reduced load, the plug 

must be moving forward relative to the tube at this time, 

G5 KX. > ox The limiting condition for the cessation of 4 Oe 

drawing under reduced load is therefore expressed by 

  

xy 4X 

Le. Xowcos wt, = V (from <2), (€3)) 

cosg = aKa (from (4)) 

= 2 sing 

o.4. on stan li 
  

Thus the minimum value of the ratio of plug to die 

amplitudes necessary to ensure that the drawing force is at its 

reduced value when drawing stops, is tan % when G = sin*V/x,u 

BO ty ty drawing has stopped, and the drawn tube is 

elastically off-loaded by the forward motion of the die 

relative to the drum. If 6 is the relative compression of 

the drawn tube,
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Now, since drawing has stopped, the tube at the die will 

fol low.-the <die 

oe. x5 = xy 

Also x = V 

te 

ie | (X, Sim, wt HN) 2 de 
‘ 

ali 

i.e. SS X, (cos wt -cos wt) + V(t, -t) (5) 

The relative compression of the drawn tube, 6, is a 

maximum when dé/dt = 6 at £ = to, say. 

i.e. when x1 sin wt, = V 

i Se Vee 
Wt. = sin ne Yo, Say. 

i 

Now, from equation (4), “ty = sin7+ sos = ¢, and since 
: E 

wt) # wt, o # ¥, then:- 

Foe pen te (7) 

Thus, substituting equation (7) in (5) will give the 

magnitude of the maximum relative compression of the drawn 

tube. 

= X, (cos wt ~° cos uty) + Vityets) 

ce a” Vigoss = 2X,cos¢ - —(1-2¢) 

ie ae = lcosé = sine (24 ¢) ie eke e ou 

The function expressed in equation II is identical to 

that derived for the relative compression of the drawn wire 

in single die wire-drawing, and is calculated and plotted on 

figure 26.
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Drawing is taken to start again at = ty. 

This will occur when the force in the drawn tube reaches 

the current value of drawing force. If this force is again 

the reduced value, then drawing will start when the relative 

compression in the tube is again zero. Thus ts is given by 

substituion in equation (5). 

toe X, (coswt, - cosuwt = 0 (8) 1 1 3) is? 

If drawing is to start at the reduced load, then the 

velocity of the plug must again exceed the velocity of the 

tube, or in the limit they must by equal. 

    

  

i.e, XK, = K, 

or xX, cos wt = V 

cos wt, = ki = = sing (from (4)9) 
nX.w 

I 

Since t, 3 tyr 

i cee = Cos. Seta beg (9) -* . n 

mee ot (O < cos sind < 5) 
n 

Substituting in: (6). For ty and t, from (4) and (9) 

gives:- 

coe ed Vo > y iia -l sing, _ X, cos = sing + ™ _ (27 cos e ) O 

Dividing through by Xr substituting sind for V/X, 4, 

equation (4), yields, 

-l sind 

n 
= = cos? - 27 + ¢ + cos ee 

Equation III shows the minimum value of the ratio of plug 

to die amplitude for drawing to start at the reduced Load, £0f 

.& given value of 4 and hence drum to die velocity ratio. The 

solution for n was obtained by iteration, the results of which 

@fe shown on figure (71).
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There are two equations expressing the minimum value of 

amplitude ratio, one for drawing to stop at the reduced load, 

equation I, and one for drawing to start at the reduced load, 

equation III. If both of these conditions are satisfied then 

drawing will be Sendneced tn uch at the reduced load. 

Since the minimum values of n expressed by equation III are 

higher than those for equation I, it is only necessary to 

satisfy the former for the process to be effective, | 

There will be a maximum value of drum to die velocity 

ratio, above which no reduction in load can be achieved. 

This corresponds to the condition where drawing starts when 

the plug velocity passes through zero, thus requiring an 

infinite plug amplitude for drawing to start at the reduced 

load. Thus drawing starts when:- 

3 3 we, = od 

Now drawing starts when:- 

Vie ue ; x 
X, cos ¢ + tis X, cos wt, + Vi, (from (8)) 

: c V6 - So Mie out 
Li Gey oTsoee a a X, cos + ote 5" 

Thus Cot ¢ = ca we Iv 

The solution of this equation was obtained graphically and is:- 

= 0°2196 
  

oe 
X,w 

sing =.| 

L max 

Thus, for a velocity ratio of drum to die of 0°2196 

it is necessary to have a plug amplitude of infinity to 

ensure that drawing occurs at the reduced load throughout. 

Therefore, for velocity ratios in excess of this figure, 

drawing cannot by conducted at the reduced load throughout 

the whole drawing period.
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This analysis has derived the necessary requirements for 

drawing to occur when the velocity of the plug exceeds the 

velocity of the tube at the die. Under these conditions, the 

plug will push the tube through the die, rather than restrain 

its motion as in conventional drawing. The relationship 

between drawing load and plug force is not readily obtainable, 

but this process will reduce the drawing force by an amount 

depending upon this relationship, and the magnitudes of the 

conventional and reversed motion plug forces. 

The analysis shows that for a ratio of drawing speed to 

peak die velocity less than 00-2196, this reduction in drawing 

force can be achieved, provided that the plug has an amplitude 

in excess of a critical value, expressed by equation III. 3 

‘If these conditions are satisfied, then the variations of 

displacements, velocities, and forces with time are of the 

form shown in*figure 72, 

One modification to the process which offers a greater 

potential is to have a variable phase relationship between 

die and plug oscillations, The purpose of this is to place 

the period of reversed plug motion symmetrically about the 

drawing period. If this is achieved, the critical value of 

amplitude ratio, and hence plug amplitude may be reduced, or 

the drawing velocity may be increased. Under these conditions 

the critical value of n is the same for starting and stopping 

drawing, and the phase relationship adopted is the optimum, 

This phase relationship is now derived, 

Using the same nomenclature and procedure as before:- 

ee ess X,coswt (iO)ee(see. (lye 3(2))) 

x X.sin (wt +6) (leds) 
4 Zz 

Drawing stops ac C= tis where,
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X, wsin wty = V (see (4)) 

Pelee OV 
wey = sin Xo = >, Say (3523) 

The critical value of n for drawing to stop at the reduced 

load is given by: 

  

XW COS Wt, Oy) Ve (see T) 

cos wt, + 6) = Sint 

1764, 4's Set (13) 
cos(¢ + @) 

Drawing starts at t = ts where, 

GOS¢o + ee XCOSs wts tei l w l (see (8).) (14) x 3 

The critical condition for drawing to start at reduced 

load is given by:- 

  

Ot, 24) © 21.- cos eee (see (9)) 

Thus wt, & 547 = 8 - cos?) Sine 
n 

Substituting for n from (13) gives: 

wt, = 2n - 20 —¢ ) 
t1.5) 

and cosut, = cos(20 + 6) ) 

Substituting (15) in (14), 

1 cos¢ + ve = Xj cos (26 + o) + Y (2 .=226 =“ 6) Xx 

which simplified to: 

siné cot¢ +.cosé = Tae (V) 

The above equation expresses the relationship between the 

optimum phase angle 6, and the drum to die velocity ratio, 

sing. The solution of this equation was obtained graphically, 

the results of which are shown on figure (73). The 

corresponding values of the critical amplitude ratio were 

determined graphically from equation (13) and are shown on
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figure (74). 

In the case of a variable phase relationship there is 

Similarly a maximum value of velocity ratio above which 

drawing cannot be achieved at the raduded load throughout 

the whole of the drawing period. This situation arises when 

the drawing period extends over one half-cycle, since this 

is the maximum length of time for which the plug velocity 

can be in excess of the drawing velocity, and corresponds to 

a necessary infinite plug amplitude. 

.Now drawing stops when t = ty where, 

1 V 
  

  

  

wt; eo = Sin it (12) 

and drawing starts when t = ts where, 

X,cos¢d + toe xX. COS 20be ate Vt (14) 
gles. W L 3 3 

in the-¢ritical condition, it. = 9 + wey = 1 ey 

| a Nee ay ; Thus X cos} + — X, cos (v7 = 6) + = (7 + 6) 

oN 

2X, cos¢ = = 

“a Whe ee 

cos¢ = 5 sing 

tand ad Z 

ey a V eG giving sing = |—— = 0:5370 (VI) 

aie max 

The optimum phase angle at this critical condition can now be 

derived. 

Drawing starts when wt, = to + 1 

Drawing subsequently stops when wt, = 21 + 
- 

If drawing is occurring with the optimum phase relationship, 

then the velocity curve of the plug is symmetrically placed 

about the drawing period, and therefore the plug velocity has
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its maximum value in the middle of the drawing period. 

i.e. when %t = » + 33 "7 

If the phase relationship was (@ = O), then wt, = 27. = 
a 1 

Therefore, the phase angle under these conditions is given 

thus:- 

6 = 27 - = ~ 

ee el 2 
~ 5 tan = 

vs ° 
ne Cy 0 ee 573 O ° (VEE) 

This figure serves as a check on the validity of the 

derivation of the optimum phase angle given in equation V. 

The above analysis shows that by setting the phase angle 

at its optimum level, the process becomes effective for 

higher values of drum to die velocity ratio. Mins, “fOr a 

“given frequency and die amplitude, the process will be 

effective for higher drawing speeds. 

If a variable phase angle is employed, the physical 

system would be simplified if the phase angle and amplitude 

ratio could be set at the value corresponding to the operating 

drawing speed. However, if this is done there remains the 

question: is the process effective for lower values of velocity 

ratio, and hence $, corresponding to the lower speeds en- 

countered when drawing'is initiated? Now, for lower values of 

¢, the optimum phase angle, 6, is reduced, and thus the 

drawing period occurs later. Thus, at lower values of 4, if 

n is reduced, the instant of friction reversal will coincide 

first with the instant of drawing stopping. This condition -isc 

said to be critical, since any further reduction of n will 

result in drawing at a higher load for some period. 

It has been shown that drawing stops at t = ti, where: 

X, usinwt, = V
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eV: 

XH 

and the corresponding critical value of n is given by the 

= ¢ (see equation (12) )   w'ty = sin. 

condition that the plug velocity equals the drawing speed 

at that instant, 

Le. Xow cos (wt, +0) = V 

sing’ 

cos (¢+6) 

giving n= (see equation (13)) 

If the phase angle, 6, and irolivede ratio n, are set 

at their requisite values for the operating value of $, then 

Pe lower values of 9, the tube will still be drawn under 

reduced load, provided that the amplitude ratio, n, defined 

by the above equation, is always exceeded. This is so if the 

value of n defined above always decreased with decreasing ¢, 

  

1 Cee a > O for the whole range of $6. 

Nows 

adn _ cos (¢+8) cos¢ + sing sin(o+6) 
dg ! 2 cos” ($¢+0) 

cosé 6 here is constant — 

cos’ ($+6) 
at its set value. 

since O < 6 < 57°30', dn/d> > O, 

and therefore the process is effective in the intermediate 

speed range. Thus it is only necessary to decide upon the 

magnitude of the operating value of velocity ratio, 

determine the optimum phase angle and minimum amplitude 

ratio and set them on the machine. During the period when 

the tube accelerates from rest up to the operating drawing 

speed, the tube will still be drawn at the reduced drawing 

force, 

From the above analysis, if the plug and die in the tube
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drawing process are oscillated sinusoidally, the following 

conclusions may be drawn. 

(ly. If the plug veloony exceeds the tube velocity 

throughout the whole of the drawing period, then 

the tube will be drawn under a reduced load, the 

any ieude of the reduction peiha dependent upon 

“the conventional plug force, the reversal motion 

friction force on the plug, and the relationship 

between plug force and drawing force, all other 

variables being equal. Thus this reduction will 

be fixed in magnitude for given tube, lubricant, 

reduction and tooling. 

(2) If the plug velocity exceeds the tube velocity for 

part of the drawing period only, then there will 

be no reduction in the peak tag load, since for 

the remainder of the drawing period, the plug 

force is in the conventional sense. Thus under 

these conditions no greater reductions of area are 

possible. 

(3) When the plug displacement has a fixed phase lead 

Of 5 on the die, there is a maximum value of 

drawing speed to peak die velocity ratio of 0-2192, 

above which the plug velocity cannot exceed the tube 

velocity for the whole of the drawing period, and 

thus there will be no reduction in the peak tag 

load. 

(4) For a fixed phase relationship, and for velocity 

ratios within the limit expressed above, for each 

velocity ratio there is a minimum value of the plug 

to die amplitude ratio, below which drawing will
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(6) 

(7) 
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not occur throughout the whole drawing period under 

the reduced load. 

If the phase angle may be varied to optimise the 

process, there is a maximum velocity ratio of 0O-5370, 

above which tube may not be drawn under reduced load 

for the whole of the drawing period. The phase lead 

of the plug oscillations over the die corresponding 

to this maximum velocity ratio is 147° 30": 

For intermediate values of velocity ratio, there is 

an Optimum phase relationship which minimises the 

minimum value of plug to die amplitude ratio 

necessary for drawing to b2 conducted at the 

reduced load throughout. 

If the phase angle is set at its optimum value 

corresponding to the operating value of velocity 

ratio, and the amplitude ratio is set above the 

corresponding minimum value for those conditions, 

the drawing will occur at the rédiiced load, both 

during the period of acceleration of the tube from 

rest, and during the period when the tube has 

settled down to its steady drawing speed. 

In order to give some estimation of the degree of 

reduction of drawing force by this technique, the following 

assumptions may be made:- 

(1) 

(2). 

The "back pull factor' for tube drawing is unity, 

i.e. there is a direct relationship between 

drawing force and plug load. 

The reversal motion friction force on the plug is 

equal in magnitude but opposite in sense to the 

non-oscillatory plug force.
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(3) The plug load constitutes 30% of the total 

drawing load. 

Under these assumptions, the process offers a 60% 

reduction in drawing load.
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C85: Material compositions and properties 

(a) Titanium 318 alloy 

O°2% proof stress (min) ; 54 ton£/in® 

Tensile strength 58-75 tonf/in? 

Elongation (min) : 8% 

Young's modulus 15-17 x 10° 1b£/in? 

Parigue Limit 55-60% of tensile 

strength 

(6) HE15 aluminium alloy 

Cu 3+ 83 

Mg 02% 

Si O-5% 

Fe O-7% 

Mn oe 

Ni 0-2% 

an 0-23 

(c) Tube composition and properties 

[ 0-45% 

Mn 1-3% 

Cr - 0-25% 

Bo trace 

Yield stress Bel tonf/in2 

Ultimate strength 38 tonf/in? 

Elongation 30%
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DiseeConclusions 

  

The application of low frequency axial oscillations to 

the tools in wire and tube drawing causes the product to be 

drawn intermittently once every cycle. At these instances 

drawing occurs under a slightly eo hee load than that 

observed for steady state drawing under the same conditions. 

This increase in load is thought to be the result of 

sticking friction and a transient, non-equilibrium 

deformation pattern, due to the intermittency of drawing. 

During the remainder of the cycle, the drawn product 

is elastically off-loaded and loaded by the forward and 

subsequent backward motion of the die relative to the 

drawing machine. The degree of off-loading is greater for 

higher die amplitudes and frequencies, and reduced for 

higher drawing speeds. When the frequency of oscillation 

is close to the natural Pre ueioy of the drawing machine, 

the response of this to the cyclic forcing must be taken 

into account when considering the degree of off-loading. 

This has the effect of reducing the degree of off-loading 

for frequencies close to and below the natural frequency of 

the machine, and increasing the off-loading for frequencies 

close to and above the natural frequency. Also the off- 

loading is increased if the amplitudes and frequencies 

adopted are such as to induce transverse oscillations in the 

drawn produce. Finally, the off-loading is increased if the 

drawing period is sufficiently long for the transient 

deformation to pass before the cessation of drawing. This 

condition corresponds to low frequencies and amplitudes and 

high drawing speeds. In the absence of the three modifying
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He idencse outlined above, it is thought that intermittency 

of drawing will only be achieved when the peak velocity of 

the die exceeds the speed of drawing, since drawing may 

cease only when the die moves faster than the product. 

In processes where a second tool serves to apply a 

back tension to the die, e.g. a second die in tandem drawing 

of wire or bar, or a fixed plug in tube drawing, then the 

intermittency of drawing produced by the oscillation of the 

die described above enables real reductions in drawing force 

to be realised. This is achieved since the backward motion 

of the die causes the tension in the Sa product to rise, 

and thus the product to be drawn further, and also the back 

tension applied by the second tool to fall due to the 

elastic member connecting the two tools. This elastic member 

is the intermediate wire in tandem wire drawing, and the 

plug bar in tube drawing. Thus drawing proceeds in the die 

with a reduced value of back tension and hence the drawing 

force is reduced. Half a cycle later on, the distribution 

of forces is reversed, and the product moves relative to the 

second tool, Thus the effect of oscillations is to alternate 

the relative movement from one tool to the other, such that 

the drawn product never experiences the force necessary to 

move the workpiece relative to both tools simultaneously. 

The degree of reduction of force in the elastic member 

when drawing proceeds in the vibrated die, and hence the 

reduction in force in the drawn product, is increased for 

greater amplitudes and frequencies and stiffness of the 

member ,. and reduced for higher drawing speeds. This reduction 

in force may be enhanced by vibrating the other end of the 

elastic member in anti-phase with the vibrated die. This
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has the effect of doubling the amplitude induced in that 

member, The greatest benefit is achieved when the 

amplitudes are sufficiently great to put the elastic member 

in compression, producing a negative back tension, and thus 

pushing the product through the die. This however is not 

universally possible to achieve since, if the member is 

slender, it may buckle and oscillate transversely and thus 

not sustain the compressive load. 

If only the second tool is vibrated, this provides a 

cyclic back tension as before, but since the die is not 

oscillated the mbermiben nature of drawing is not dictated 

independentiy, and thus the behaviour is modified, | 

Drawing occurs in the die when the back tension is minimum, 

and thus at a reduced load. -However, since’ there is no 

subsequent release of elastic strain in the drawn product by 

the forward motion of the die, the force in the product 

increases due to the coiling of the product on the drum. 

Drawing does not occur at this increased load, however, since 

there is a simultaneous increase of back tension. Thus 

oscillating the second die only is not so effective in 

reducing the peak load in the drawn product. Furthermore, 

at these low frequencies, the deformation of the product in 

tne die does respond to the instantaneous value of back 

tension, and not the mean value as observed at ultrasonic 

frequencies. However, this difference in behaviour with 

frequency does not apply for a cyclic front tension, since 

for all frequencies investigated, the deformation responds 

to the instantaneous and not the mean force. 

Finally, no change in the tensile strength of the product 

was observed when oscillations were applied, and generally 

the surface of the product was not changed. In the case of
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wire drawing, pfci actions produced a variation in the 

lubricant film thickness on the drawn product, but no 

marking of the wire surface was detected Opticaidy.. .In 

some cases tube drawn under oscillatory conditions ex- 

hibited ring markings in the bore. This effect was most 

marked at low frequencies and with sufficently large 

ema] | cides to put the plug bar into compression during the 

cycle, However, no marking was detected at high frequencies 

or low amplitudes. 

‘Industrial Implications 
  

(a) Wire drawing: 

Whilst the process of tandem drawing with oscillations 

does produce a reduction in the drawing force, and hence 

provides the opportunity for an increased reduction of area 

per pass, it is limited in the speed at which the wire may 

be drawn, since this must be less than the peak eee 

of the dies for an effect to be achieved. Since wire is 

drawn commercially at very high speeds in relation to that 

achieved by currently available vibrator units, the process 

is thought inapplicable in this case, 

However, in the case of bar drawing, the speeds are much 

lower, and may fall within the capacity of vibrator units. 

Furthermore, the stiffness of bar is high, and therefore only 

low amplitudes induced in the bar would be required: cto 

achieve the necessary cyclic variation in back tension, and 

therefore a reduction in drawing load. Thus, by applying 

oscillations, bar stock may be reduced with fewer passes. 

(b) Tube Drawing: 

Generally tube is drawn over a fixed plug at speeds
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compatible with available vibrator units, and thus in 

principle, oscillations may be applied with benefit to the 

process. However, for the process to be effective, a stiff 

plug bar is required to produce the necessary cyclic back 

tension, and with a high buckling load to minimise trans- 

verse oscillations of that member. These conditions are 

satisfied when drawing large diameter stock in short lengths. 

Therefore, in conclusion, the process of low frequency 

ioee®atory drawing may find application in the breaking 

down of large diameter stock in short lengths at low speed, 

where it offers the possibility of a reduction in the 

number of passes to achieve a given size,



D2 Suggestions for Further Work
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D2: Suggestions for further work 
  

Whilst ene investigations conducted have indicated the 

basic mechanisms of the processes investigated, there remains 

several questions to be answered, 

Insufficient time was available in this programme to 

conduct a rigorous investigation into the limiting effect 

of drawing speed. Whilst simple theoretiamlconsiderations 

indicate that no beneficial effect is achieved at drawing 

speeds in excess of the peak die velocity, experiment data 

shows that the behaviour departs from that predicted by 

simple theory due to such effects as drum oscillations, 

transverse oscillations of the wire, and the transient, 

non-equilibrium deformation produced by the intermittency of 

drawing. Thus there remains the question; what effect do 

these modifying influences have on the speed limitation to 

the process, do they increase or decrease the maximum speed 

at which drawing may be conducted with benefit? 

No attempt was made to investigate the effect of 

reduction of area upon the process. Thus, in the case of 

Wire drawing, what is the optimum distribution of work for 

each die, and what is the greatest overall reduction in area 

for the process? Also, theory indicates that the back-pull 

FaGtor 1S\7a pete ion of reduction of area, coefficient of. 

friction, and die angle. Therefore, can the process be 

further optimised by the correct choice of lubricant and die 

geometry? In the case of tube drawing, investigations have 

shown that the process is most effective when the non- 

oscillatory plug bar load is high in proportion to the total 

drawing load. Therefore what is the effect of reduction of
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area, coefficient of feietien : and die angle upon the plug 

bar force and the back pull factor for the plug? How may 

these parameters be optimised, and what is the maximum 

reduction of area which may be achieved using oscillations? 

These investigations have shown an essential difference 

between the effects of ultrasonic and low frequency 

vibrations. At ultrasonic frequencies the deformation only 

responds to the mean value of a cyclic back tension, but 

responds to its instantaneous value at low frequencies. Why 

does the deformation not respond to the instantaneous value 

of back tension at ultrasonic frequencies, and at what 

frequency does the transition occur? 

Finally, it is suggested that a rigorous investigation 

be conducted into the fixed plug tube drawing process with 

oscillations applied to both plug and die at ultrasonic 

frequencies, and with a variable phase angle between the 

oscilllations. The purpose of this investigation should be 

to answer the following questions:- 

(1) Is it possible to have two ultrasonic waveguides 

connected by a plastically.deforming metal, that will 

resonate with a phase angle between the two oscillations 

applied to the deforming metal, or will they interact 

such that the phase relationship cannot be maintained? 

(2), 2. 4£ both the.-die. and. thé plug are oscillated,: will the 

deformation respond to the instantaneous or mean value 

of back tension applied by the plug? 

(2) Ieee possible by the correct choice of phase angle to 

have the shear stress on the tube applied by the plug 

to act in the direction of drawing when drawing occurs, 

and thus push the tube through the die?
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(4) What effects do the variables of amplitude, frequency, 

drawing speed and phase relationship have upon the 

peak and mean’values of drawing load, and to what 

extent is the theoretialstudy described in section 

C84 valid?
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